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STELLING EN 
I 
Gezien de bouw en de functie van de cochlea verdienen methoden van onderzoek 
de voorkeur waarbij het zintuigorgaan in zijn geheel geobserveerd kan worden. 
II 
Bij de bestudering van werking en functie van het gehoororgaan van zoog­
dieren wordt te weinig aandacht geschonken aan de steeds veranderende ana­
tomische verhoudingen in het orgaan van Corti, in de verschillende windingen. 
III 
De diagnose sereuze otitis media bij pasgeborenen met een gehemeltespleet 
is zelden j uist. 
IV 
De aanwezigheid van taai vocht in het middenoor in de vroege jeugd vormt 
een niet te onderschatten belemmering in de ontwikkeling van het jonge kind. 
v 
De diagnose psychosomatose behoort niet gesteld te worden wanneer de oor­
zaak van een ziekte niet bekend is. 
VI 
Het leren beoordelen van rontgenfoto's is in de meeste opleidingen tot medisch 
specialist een dringende noodzaak en dient onderhouden te worden. 
VII 
Hoewel de nylonkous het vrouwenbeen zelden misstaat, verdient uit bacterio­
logisch oogpunt in de operatiekamer het blote vrouwenbeen de voorkeur. 
VIII 
De veronderstelling dat stijging van de kosten van de nationale gezondheids­
zorg ook een stijging van de levensverwachting van de Nederlandse bevolking 
inhoudt is nai'ef. 
IX 
Spreiding van kennis, macht en inkomen leidt in Nederland kennelijk niet tot 
een daling van werkeloosheid, criminaliteit of inflatie. 
X 
De uitdrukking: de wal zal het schip wel keren is mogelijk van toepassing op 
de vorige stelling, doch is minder dan een schrale troost, immers het schip is 
blijvend beschadigd. 
XI 
Dat het nivelleringsprincipe niet levensvatbaar is blijkt wel uit de overweldi­
gende deelname aan lotto, toto en staatsloterij. 
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ANATOMICAL TERMINOLOGY 
IN THE COCHLEA 
Apical - in the direction of the helicotrema 
Basal - in the direction of the round and oval windows 
The four turns are designated or numbered: 
first or basal turn 
second or upper basal tum 
third or lower apical tum 
fourth or apical tum 
IN THE CocHLEAR Ducr ( ScALA MEDIA) AccoRDING TO IURAT01 
Longitudinal or spiral - parallel to the axis of the cochlear duct and therefore per­
pendicular to the fibers of the basilar membrane 
Transverse or radial 
Inner or internal 
Outer or external 
Upper or vestibular 
Lower or tympanic 
perpendicular to the axis of the cochlear duct and there­
fore parallel to the fibers of the basilar membrane 
towards the modiolus 
towards the spiral ligament 
towards Reissner's membrane 
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SCANNING ELECTRON MICROSCOPIC STUDY OF THE ORGAN 
OF CORTI IN NORMAL AND SOUND-DAMAGED GUINEA PIGS 
EouARD R. SouoiJN, MD 
CRONINGEN, THE NETHERLANDS 
SUMMARY - A method was evolved by which the organ of Corti could be examined in 
its entirety with the scanning electron microscope, the organ meanwhile retaining its spiral 
form. This made it possible to assess traumatic effects on the cochlea and qualify lesions in 
terms of extent, localization and pattern. It was also found possible eventually to cut the same 
specimen into sections for cellular and subcellular studies. The number of guinea pigs examined 
totalled 91, divided into three groups. The first group was used to study the anatomy of the 
organ of Corti with special reference to normal variations and artifacts. Unmistakable indi­
cations were found that the longest stereocilia of the inner hair cells are linked to the tectorial 
membrane. The animals of the second group were exposed to pure tones of high intensity, 
whereupon, lesions of the organ of Corti were described according to intensity, time, and fre­
quency. Three different types of otologic drills were used to perform mastoidectomies on tem­
poral bones and on the cadaver. The noise produced was analyzed as to intensity and frequency 
range. It was found that the drill with the lowest rpm (and highest torque) produced the high­
est noise intensities, at levels which can be traumatic to the human organ of hearing. The ani­
mals of the third group were exposed to the amplified noise produced by otologic drills of 
three different types. The resulting lesions in the organ of Corti were examined by the method 
described for scanning electron Inicroscopy and compared. In spite of the wide variation in in­
dividual lesions, patterns of degeneration of three different types could be distinguished. The 
high-speed and the very-high-speed drill inflicted less damage on the organ of Corti than the 
low-speed drill. It is therefore advised to refrain from using the latter drill in prolonged opera­
tions. 
INTRODUCTION 
It has long been known that sounds 
of high intensity can inflict damage on 
the organ of hearing. As early as 1831 
this was described in the Lancet by Fos­
broke, 2 who already differentiated be­
tween hearing loss following exposure 
to the sound of big guns, and that after 
years of work in a forge. In 1890, Hab­
ermann3 tested the hearing of 20 boiler­
makers, all of whom were found to suf­
fer from perceptive hearing defects. An 
autopsy was later performed on one of 
them, and microscopic examination of 
the cochleae revealed that both organs 
of Corti showed degeneration in the bas­
al turn. Rather than ascribing this to 
old age, Habermann3 explained it by the 
chronic exposure to noise in the forge. 
Anatomical and pathological studies 
of the cochlea have always played an 
important role in the investigation of 
the cause of this sensorineural hearing 
loss. However, these studies encountered 
four obstacles: the minute dimensions 
necessitated microscopy; the position 
deep in the skull impeded rapid fixa­
tion; the enveloping bone required de­
calcification; and the complexity of 
structure called for serial sections. It 
was therefore not until 1851 that Corti·1 
described the structure of the organ of 
hearing with such accuracy that his 
name remained attached to it. The re­
sults of studies of the cochlea have since 
been more or less determined by the 
advances in microscopic technique. One 
investigator has made an astonishing 
exception to this rule: in 1881 and 1884, 
Retzius5 published an atlas of the organ 
of hearing in vertebrates. His atlas pre­
sented marvelous drawings of the macro­
scopy and microscopy of the inner ear, 
and has so far remained peerless (see 
Fig. 34, Chapter III). We cannot but 
feel the greatest admiration for the way 
in which Retzius,5 using the dissection 
techniques of his day and simple optical 
aids, managed to show details which 
modem investigators are today record­
ing photographically with the aid of 
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sophisticated electron microscopic equip­
ment. 
In the early years of the 20th century 
Wittmaack, 6 Yoshii, 7 Marx, 8 and Rohr9 
performed extensive experiments in vari­
ous animal species to test the traumatic 
effect of loud sounds on the cochlea. 
YoshiF established that the first degen­
eratiye changes cx;c�ed in the organ of Corti, �ore spe�if1cally in the sensory cells. Rohr9 descnbed the great variabili­
ty of auditory damage in various test 
animals, even when the same sound was 
?ffered, of the s�me intensity and dur­mg the same penod of time. These ob­
servations have stood up as correct to 
this day. 
With improved means to regulate in­
tensity and pitch of sounds, there was 
an increasing interest in further inves­
tigation of the traumatic effect of loud 
sounds on the cochlea and in compari­
son of results. A standard work in this 
f�eld, Das akustische Trauma, was pub­
lished in 1947 by Ri.iedi and Furrer.10 
Other methods of investigation have 
evolved, such as behavior audiometry 
in test animals, and methods to study 
the electrophysiology and histochemis­
try. of the cochlea. Anatomy and patho­logtcal anatomy, however, continued to 
be dependent on material cut into sec­
tions. With th� improved resolving pow­
er made available by the transmission 
electron microscope, subcellular struc­
tures could be examined, but investiga­
tors were still dependent on (be it ul­
trathin) sections.1,n-1s 
Although a treasury of data was ob­
tained with the various above mentioned 
methods, and an enormously more pro­
found understanding of the function and 
structure of the cochlea was attained 
yet a morphological study of the orga� 
of Corti in its totality remained impos­
sible. Engstrom et al14 have evolved a 
me�od which made this possible by 
cutting the organ of Corti into sectors. 
Thus, large parts of the organ of Corti 
can be visualized with the phase-con­
trast microscope. The regular arrange­
J:nent of sensory and supporting cells 
forms a characteristic pattern on the 
vestibular surface of the organ of Corti. 
In a damaged organ, the degenerative 
changes manifest themselves in particu­
lar on th.e vestibular surface. Resulting changes m the pattern become visible 
even at a fairly low power. The great 
advantage lies in the fact that hundreds 
of sensory and supporting cells in a 
single specimen can be examined. The 
surface specimen technique of Eng­
strom et al14 has been successfully used 
by numerous investigators. 15-�7 How­
ever, it is interesting to note that ac­
cording to his drawings, Retzius5 �ust 
already have been using the principles 
of such a method. 
This method was eventually adapted 
to the use of the scanning electron mi­
croscope. Barber and Boyde:s were the 
first to study the inner ear of octopi in 
tllis way, while Lim and Lane�9 studied 
the mammalian inner ear. This method 
of investigation, too, was soon widely­
used.ao-•s An invaluable advantage of 
using a scanning electron microscope is 
it� �u�h higher depth of field.as,•o Mag­nifiCations from 20 to 20,000 times are 
possible. But a disadvantage of this 
method is that the organ of Corti has to 
be divided into sectors, which entails 
the risk that parts of the organ are lost. 
To ensure complete elimination of this 
risk, efforts should be made to evolve a 
method whereby the organ of Corti 
could be visualized in its entirety. The 
need for such a method is apparent from 
the publications of Bohne50 and Spoend­
lin and Brun, 51 who described a method 
to study the entire organ in surface 
preparation. But in these procedures, too, 
the cochlear duct has to be divided into 
half turns. These are difficult to handle 
because of their tiny dimensions, and 
cannot always be examined in a true 
horizontal plane."0 In the method of 
Spoendlin and Brun,51 the use of the 
circular saw entails a loss of nearly 5% 
of the entire sensory cell population. 
The value of this method is obvious, 
because it enables the investigator to 
study tl1e same specimen also from sec­
tions. In this way sensory cell loss can 
be quantitatively determined and the 
site and extent of the lesion �an be ac­
curately delineated, whereupon quali­
tative detemlinations can be made. 
In view of the above-mentioned prob-
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lems, a method was developed for the 
study of the organ of Corti in toto with 
the scanning electron microscope. To il­
lustrate the validity of this method a 
comparative study was made of the 
traumatic effects of pure tones and of 
otologic drills. It is not generally known 
that sanitary ear surgery can be fol­
lowed by sensorineural hearing loss, par­
ticularly for high-pitched sounds. The 
cause of this hearing loss is to be sought 
in the loud noise which accompanies re­
moval of bone tissue during the opera­
tion. In the past this was done with 
hammer and chisel, but today otologic 
drills are used. Sensorineural hearing de­
fects have been described after both.s:-5" 
The first chapter gives a description 
of the cochlea on the basis of light-mi­
croscopic findings. Materials and meth­
ods are discussed in the next chapter. 
The third chapter describes the normal 
anatomy of the organ of Corti on the 
basis of scanning electron microscopic 
photographs, and discusses variations in 
the hair cell pattern and artifacts. A 
chapter on acoustic trauma caused by 
pure tones is followed by an analysis of 
the noise of otologic drills of three dif­
ferent types. The final chapter discusses 
acoustic trauma caused by drill noise. 
CHAPTEH. I 
A BRIEF DESCRIPTION OF THE COCHLEA 
CocHLEAR SruucrURE STUDIED WITH 
THE LIGHT lvhCRoscoPE 
"Because of its very complex shape, 
the inner ear is called the labyrinth."1 
It can be divided into a membranous 
and a bony part or, in functional terms, 
into a vestibular and a cochlear part. 
The mammalian cochlea is indeed 
shaped like a snail shell. The guinea pig 
cochlea has slightly more than four 
turns. The central axis or modiolus con­
tains the cochlear nerve and the spiral 
ganglion. The turns contain the cochlear 
duct or scala media, which encloses the 
achml sense organ of Corti (Fig. 1). 
SCALA VESTIBULI (PERILYMPH) 
The cochlear duct bisects a tum and sep­
arates the scala vestibuli on the apical 
side from the scala tympani on the basal 
side. 
The cochlear duct is bounded on the 
outside by the upper portion of the spir­
al ligament, the inside of which is cov­
ered by the stria vascularis. In the di­
rection of the modiolus the duct is 
bounded by the bony spiral lamina on 
which the spiral limbus rests. The upper 
boundary is formed by Reissner's mem­
brane, which extends between the spiral 
limbus and the spiral ligament. The low­
er boundary is formed by the basilar 
STRIA VASCULARIS 
SCALA MEDIA (ENDOLYMPH) 
SCALA TYMPANI (PERILYM,H) 
Fig. 1. Drawing of a cro s section of the cochlear partition of a guinea pig in the 
lower part of the second turn. The organ of Corti is bounded on the inside by the inner 
sulcus, and on the outside by the outer sulcus. The space around the external hair cells 
is called Nuel's space. The under surface of the basilar membrane is covered with basilar 
membrane cell�. (By courtesy of Davis et al." J Acoust Soc Am 2.5:1182, 19.53.) 
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membrane, which extends between the 
spiral ligament and the bony spiral lam­
ina and is covered by basilar membrane 
cells on the side of the scala tympani. 
The organ of Corti rests on the basilar 
membrane and is spiral shaped. 
On the outside the spiral limbus ends 
in two sharp extremities: the vestibular 
lip and the tympanic lip. These lips en­
close the inner sulcus. From the vestibu­
lar lip the tectorial membrane extends 
across and is partly attached to the sen­
sory cells and supporting cells of the or­
gan of Corti. From tl1e inside out, tl1e 
following component parts of tl1e organ 
of Corti can be designated: to begin, 
tl1e inner sulcus, which is lined with a 
layer of cubical epithelial cells known 
as inner sulcus cells. Next comes a single 
row of border cells lying against the in­
ner wall of tl1e inner hair cells. The in­
ner hair cells in turn are supported by 
the inner phalangeal cells, which rest 
against the inner pillar cells. The latter 
show an unmistakable fiber structure 
and constitute the inner boundary of the 
tunnel of Corti, of which the outer pil­
lar cells form the outer boundary. 
Towards the spiral ligament one finds 
tlrree rows of sensory cells: the outer 
hair cells, contained in Nuel's space and 
resting on Deiters' cells. Each Deiters' 
cell has a phalangeal process which an­
gulates and extends to tl1e upper surface 
of the organ of Corti, where it broadens 
into a phalangeal plate. The surface of 
the sensory cells, jointly with that of the 
surrounding supporting cells, forms a 
tl1in, firm layer: the reticular membrane. 
Rows of stereocilia can be visualized 
near the hair cells by tl1e surface speci­
men technique. The W -configuration of 
the stereocilia of the outer hair cells can 
also be distinguished ( Fig. 2A ) . After 
the third row of outer hair cells and the 
last row of Deiters' cells, comes a ridge 
of supporting cells, the Hensen cells. 
Even further externally, the epithelium 
becomes cubical again, and much low­
er, tl1e Claudius cells, which line tl1e 
outer sulcus and continue in the spiral 
ligament. 
CHAPTER II 
MATERIALS AND METHODS 
MATERIALS 
"We can probably assume with some 
confidence that the organ of Corti in 
man has about the same mechanical 
strength that it has in the guinea pig. 
Size and struchtre are very similar, par­
ticularly if we compare the correspond­
ing regions that are most sensitive to the 
same frequency," wrote Davis in 1953,57 
This is why young guinea pigs weighing 
250-500 g were used as test animals. 
Guinea pigs have several other advan­
tages as well. They are easily obtained 
and kept, and the cochlea is contained 
in an ample tympanic bulla, which fa­
cilitates dissection. The cochlea is of 
sufficient size to process the various 
rurns separately under the preparation 
microscope. Young animals are less lia­
ble to otitis than mahrre animals, and 
presbycusis is avoided. Nearly all ani­
mals used were laboratory bred and 
healthy. The noise level measured in the 
rooms where the animals were accom­
modated rarely exceeded 65 dB. It was 
taken into account that the organ of 
hearing in very young guinea pigs (up 
to eight days old) is more vulnerable to 
sound damage than that in mahrre ani­
mals. 25 The test animals used were there­
fore at least four weeks old. 
The 91 guinea pigs used were divided 
into three groups. The first group ( n -
42) was not exposed to auditory stress. 
The second group (n = 19) was ex­
posed to pure tones. The third group 
( n = 30) was exposed to otologic drill 
noise. The organs of Corti of both coch­
leae from all the animals, except two 
which died in the course of the experi­
ments, were examined with the scan­
ning electron microscope. A few speci­
mens were also used for the surface spec­
imen technique or for transmission elec­
tron microscopy. Spiral ganglion and 
acoustic nerve were not systematically 
examined, although this was certainly 
possible by this method (Fig. 2B). 
:METHODS 
To gain a general impression of the 
guinea pig's hearing, Preyer's auricle re­
flex was always tested at the start of the 
experiment. This reflex, also known as 
acoustic reflex, is an involuntary move­
ment of the anterosuperior edge of the 
pinna in response to an auditory stimu­
lus of high intensity.58 For this test the 
animal was held about 10 em away from 
a hand audiometer0 with which brief 
tones of 500, 1,000, 2,000 and 4,000 Hz 
can be produced. The sound level on the 
dial was 80 dB. The true sound level at 
these frequencies and at this distance 
was 100 dB as measured with a sound 
level meter at the same distance. Some 
animals failed to respond to repeated ef­
forts to provoke the reflex. They were 
found to suffer from bilateral otitis me­
dia, and were eliminated from further 
experiments, which were confined to 
animals with a distinct positive Preyer's 
reflex. 
Sound. The guinea pigs used in sound 
tests were submitted to the following 
procedure. Anesthesia was induced by 
inhalation of some halothane, whereupon 
the auditory mearns was examined and 
cleansed if necessary. The normal guinea 
pig ear drum shows the same reflex as 
the human ear drum. Only animals with 
intact ear drums and an unmistakable 
light reflex were used in the experi­
ments. During the inhalation anesthesia, 
thiopental sodium ( 30 mg/kg body 
weight) was injected intra peritoneally, 59 
which ensured continuation of the anes­
thesia for about two hours. In some 
cases, additional injections were required 
during the experiment. During anes­
thesia an insert telephone was used to 
offer a pure tone or drill noise, as a 
0 Alfred Peters and Sons, Ltd., Sheffield, England. 
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rule, only to the right ear. The anes­
thesia served to suppress the protective 
effect of the stapedius and tensor tym­
pani muscles on the cochlea.57•00"65 The 
situation thus created corresponded with 
that of a patient undergoing mastoidec­
tomy under general anesthesia (in such 
cases, too, the effect of the middle ear 
muscles is suppressed) . 
The pure tones were produced by 
means of a n  oscillator0 and amplified 
with a power amplifier.00 The insert 
telephone000 is normally used in hear­
ing aids. The sound level was repeated­
ly standardized with the aid of an im­
pulse precision level meter. 0 0 0 0 The 
telephone was fixed to the right auricle 
with dual adhesive tape in such a way 
that the telephone aperture was free in 
the cavum conchae. The distance be­
tween telephone and drum was thus al­
ways about the same. 
The noise produced by three different 
types of otologic drills was recorded, 
analyzed and reproduced. The repro­
duced drill noise was offered only to the 
right ear, in the same way as the pure 
tones. 
Nearly all sound experiments lasted 
two hours; only a few drill noise experi­
ments continued for three hours. Except 
for the animals used in the time experi­
ment, all guinea pigs exposed to sounds 
of high intensity were sacrificed after 
three to seven weeks. It was assumed 
that degeneration of sensory and sup­
porting cells, if any, would be complete 
after three weeks. 06 Before sacrificing 
the animals, another attempt was made 
to provoke a Preyer's reflex; this was 
usually positive. However, in a few ani­
mals submitted to unilateral sound tests 
and, with a negative reflex, bilateral 
otitis media was found. This infection 
must have occurred after exposure to 
sound of high intensity. The tympanic 
bullae were filled with pus, and adja­
cent bone had thickened markedly. Nev­
ertheless, these animals' cochleae were 
also examined with the scanning elec-
tron microscope, on the presumption 
that brief otitis media as a rule does not 
damage the organ of Corti. 
Fixation. Two different fixation tech­
niques were used. First of all, fixation of 
the cochlea by perfusion. This technique 
(although with different fixatives) has 
been used for decades in fixation of the 
inner ear for light microscopy, with good 
results/•07 Since perfusion fixation has 
been increasingly used for transmission 
electron microscopy in recent years, this 
technique was employed also for scan­
ning electron microscopic examination 
of the cochlea. 
Deep anesthesia was effected by in­
traperitoneal injection of 60 mg sodium 
thiopental per kg body weight. The ab­
domen was opened and the diaphragm 
incised, causing collapse of the lungs 
and giving an excellent view of the still­
beating heart. A venipuncture needle 
was introduced into the left ventricle 
and the right atrium was incised, while 
at the same time the inferior vena cava 
and abdominal aorta were clamped. For 
optimal fixation the vascular bed to be 
perfused had to be dilated. This was 
achieved by injection of 75 ml 0.4% 
NaNO� in 0.1 M phosphate buffer at 
pH 7.35 -+- 0.05 through the needle,f 
followed by introduction of the fixative: 
500 ml 2% glutaraldehyde in the same 
buffer at the same pH. The total os­
molarity amounted to 430 mOsm -+- 20 
mOsm. The fluids were contained in 
bottles kept at room temperature, sus­
pended one meter above the guinea pig, 
to be perfused and connected to the 
venipuncture needle by plastic tubing. 
This arrangement ensured an equal hy­
drostatic pressure throughout all experi­
ments. The procedure took about 30 
minutes. During perfusion the neck and 
front paws stiffened, signifying a prop­
er course of fixation. The perfusion fix­
ation technique has the advantage of 
giving ample time for resection of the 
temporal bones and opening of the tym­
panic bullae. 
0Hewlett-Packard Co., Palo Alto, CA. Type 209A. 
00Philips Electronic Instruments, Inc., Mount Vernon, NY. Code Pt-.1 517.'5. 
0 0 0Robert Bosch Cmbh., Berlin, West Cermany. Type TML 47. 
0 0 0 0 B & K Instruments, Inc., Cleveland, OH. Type 2204. 
tPersonal communication from PFA Martinez-Martinez and H. De Weerd. 
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Fig. 3. Preparation of a cochlea using a binocular preparation microscope. The 
specimen is glued to an aluminum disk and clamped in a holder (inset). By turning the 
massive metal sphere the specimen is made accessible from all sides. The bony capsule 
is ground down with a modern drill, hand-piece and diamond burrs, as used in ear 
microsurgery. A thin jet of nitrogen blows the bone dust away and at the same time 
cools the specimen. 
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The second fixation technique is 
known as labyrinthine fixation. It was 
used in fixation of about one-third of 
the total number of cochleae. The same 
intraperitoneal anesthesia was used. The 
animal was decapitated and the tern-
poral bones were quickly resected from 
the skull and cut open to expose the 
cochlea. A slender hook was used to 
open the cochlea at the apex and per­
forate the round and oval windows.l"' 
This took only a few minutes. The coch-
Fig. 2. A) Surface specimen of the organ of Corti of a guinea pig. The stereocilia 
(asterisk) of the inner hair cells ( IHC) are angulated because the specimen was slight­
ly compressed. Of the three rows of outer hair cells ( OHC), only the first is in focus 
because the specimen is not entirely flat. The stereocilia of the OHC show a W-config­
uration (arrow) (Phase-contrast microscope (PC!\!) 1,560 X). B) Upper basal tum. 
Cross section through the acoustic nerve (AN), the spiral ganglion ( SG) and the organ 
of Corti of a specimen which has first been studied with a scanning electron microscope 
(SEU) (Ll\1 180 X). 
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leae were then immersed in 2% glu­
taraldehyde in 0.1 l\11 phosphate buffer 
at pH 7.35 ± 0.05. 
Both techniques ensure rapid fixation, 
thus minimizing postmortal changes. 
The second technique gives slightly less 
shrinkage of tl1e specimen but has the 
disadvantage that tl1e surface of the or­
gan of Corti is occasionally obscured by 
a precipitate, probably from endo­
lymphatic protein. 
Preparation, Dehydration and Dry­
ing. The bone was cut a few millimeters 
below the basal turn of tl1e cochlea, 
with the modiolus virtually perpendicu­
lar to the cut surface. The temporal bone 
was furtl1er trimmed down so as to fit 
in its entirety in the specimen holder for 
later scanning electron microscopy. The 
tissue must not be allowed to dry up 
during this processing. The specimen 
was kept in a 2% glutaraldehyde solu­
tion at 4 C for four hours. It was then 
washed five times in 0.9% NaCl and five 
times in distilled water. Dehydration 
was effected through an acetone series 
of increasing concentration, starting with 
a 30% acetone solution and increasing 
by 10% steps to absolute acetone. Some 
specimens were washed and dehydrated 
with tl1e aid of an EM tissue processor. 0 
The results tlms obtained proved to be 
superior to tl1ose obtained by the con­
ventional nonautomated metl10d. In ab­
solute acetone the specimens were 
placed in a critical point drying appa­
ratus00 and dried by means of Freon 
13®. 00 0 Altl1ough in a critical point ap­
paratus tl1e shrinkage of biological ma­
terial is much less than tl1at as com­
pared with air-drying, it can neverthe­
less still amount to as much as 10%.68 
The advantage of tl1e critical point ap­
paratus over freeze-drying is that the 
biological material becomes firmer.69 
Tllis is of great importance in dissecting 
the entire organ of Corti. 
Tl1e cochlea with some fragments of 
tl1e temporal bone was then glued to an 
aluminum disk with the aid of two-
Fig. 4. A left cochlea viewed from 
above. The stapes head (SH) is just vis­
ible. An arrow indicates the round win­
dow. The bone has been ground down 
as far as possible, particularly on the 
medial side. The otic capsule is intact. 
The groove milled in the bas:.] tum is 
identifiable (asterisk) ( SEl'>'l 10 X). 
component epoxy resin. For optimal fix­
ation of tl1e specimen to the disk, the 
latter was beveled out so tl1at the glue 
would find some lateral support. The 
disk witl1 the specimen was then placed 
in Os04 vapor for about six hours. The 
vapor invaded the specimen, thus im­
proving conduction for electrons and 
facilitating the image formation of tl1e 
scanning electron microscope. A speci­
men kept in tl1e vapor for more than six 
hou.rs can become fragile so that the or­
gan of Corti is readily damaged and 
severed from the modiolus during dis­
section. 
Microdissection. The aluminum disk 
was clamped in a holder especially de­
signed for this purpose, and under a 
binocular preparation microscope 0 0 0 0 
tl1e specimen was processed at magnifi­
cations of 6, 12 and 25 times. The hold­
er consists of a metal sphere which fits 
0 American Optical Corp., Buffalo, NY. �lode] 9000933. �lade for C. Reichert, Optische 
\Vcrke A. G., Vienna, Austria. 
0 0Polaron Equipment, Ltd., London, England. Type E 3000. 
000E. I. duPont de Nemours & Co., Inc., \Vilmington, DE. 
oooo·wild Heerbrugg Instruments, Inc., Fam1ingdale, NY. 
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Fig. 5. The otic capsule of a left cochlea has been cut away over nearly three turns. 
The thinner the capsule, the more easily this is done. The spiral ligament ( SL) and 
Reissner's membrane (RM) are visible. H- Helicotrema. The spiral ligament seems to 
consist of two parts, the innem1ost of which is the stria vascularis (SEM 68 X). 
in a cup. This makes it possible to tum 
the specimen as required to work under 
various angles. Another advantage is 
that focusing rarely needed to be done 
with the control knob of the microscope 
but could be effected by slight adjust­
ments of the position of the sphere. For 
dissection of the organ of Corti in its 
entirety, enveloping bone tissue first 
had to be ground down to minimal 
thickness. A modem drill with diamond 
burrs proved to be very effective for 
this purpose (Fig. 3) . Using burrs of 
decreasing diameter, particularly the 
medial part of the osseous cochlea, and 
most of the bone of the basal turn were 
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Fig. 6. The apical turn of a right coch­
lea after removal of the bony capsule. H 
- Helicotrema; RM - Reissner's mem­
brane; SL - Spiral ligament. The aper­
ture next to the helicotrema is artificial 
(SEl\1 73 X ). 
ground down (Fig. 4). Efforts were 
made to keep the cochlea completely 
closed in order to avoid damage to the 
organ of Corti. Continuous removal of 
the �one dust was ensured by a thin jet 
of mtrogen blown through an injection 
needle with a diameter of 0.5 mm, which 
�t the same time served to cool the spec­
rmen. 
To open the cochlea, a short hook or 
scalpel of the type used in micro ear 
surgery was used to cut the bone away 
in a circular pattern, starting at the apex 
and following the turns. Viewed from 
above, the turns of a right cochlea are 
clockwise, while those of a left cochlea 
are counterclockwise. The membranous 
part of the cochlea was left intact so 
far as possible (Figs. 5, 6). The basal 
turn offered difficulties in this respect 
because at this level the spiral ligament 
and the organ of Corti could be readily 
impinged on when the otic capsule was 
broken away. To prevent this, a tiny 
groove was fraised in the bone of the 
basal turn from the round window, 
above the level of the basilar membrane 
(Fig. 4). This was easily done with a 
Fig. 7. A right organ of Corti ready 
for examination. The bony capsule and 
spiral ligament have been successively 
removed from the three apical turns. 
From the basal turn only part of the en­
closing bone and part of the spiral liga­
ment were removed to spare the organ 
of Corti, which is very vulnerable at this 
level. Reissner's membrane was blown 
away. The tiny radial ruptures and the 
longitudinal rupture are artifacts ( SEM 
25 X ). 
3 x 0 diamond burr. When the bone was 
then removed, it broke exactly on the 
groove, leaving spiral ligament and or­
gan of Corti intact. 
A delicate hook or watchmaker's 
tweezers were then used to detach the 
spiral ligament from the three upper 
turns. The basilar membrane ruptured 
at the level of the outer sulcus with the 
exception of the ligament at the basal 
turn, which remained intact; only the 
apical edge of the spiral ligament was 
removed. Although an oblique view of 
the organ of Corti in the basal turn 
thus becomes impossible, it could nev­
ertheless be clearly visualized from 
above in the scanning electron micro­
scope, because the basal tum has a 
much larger diameter than any of the 
other three turns. 
Only the tectorial membrane and the 
Reissner's membrane could at this stage 
still obstruct the view on the upper sur­
face of the organ of Corti. However, 
the tectorial membrane proved to have 
so shrunken due to fixation, dehydra­
tion or drying that it did not obstruct 
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Fig. 8. Lateral view of the entire organ of Corti ( SEM 55 X ) .  
the view. As a rule it was found curled 
in. The fragility of Reissner's membrane 
made it possible to blow it away from 
all turns with the thin jet of nitrogen. 
The organ of Corti was thus exposed 
from helicotrema to round window 
(Figs. 7, 8, 9). 
Before the specimen could be placed 
in the scanning electron microscope, 
conduction had to be further improved. 
For this purpose a thin coating of col-
loidal graphite was applied to the sur­
face of the glue. Immediately after, the 
disk with the specimen was coated in 
high vacuum with subsequently thin 
films of carbon, gold and carbon. The 
total thickness of the coating was esti­
mated on the basis of the color (green), 
and amounted to about 300 .A. The 
specimen was then ready for investiga­
tion in the scanning electron microscope. 
By slightly altering tl1e angle of the spec-
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Fig. 9. The apical turn of a right cochlea. The turns are clockwise. H - Helicotre· 
ma; RM - Remnants of Reissner's membrane; TM - Markedly shrunken tectorial 
membrane; IS - Inner sulcus; arrow indicates sensory cells; HC - Undulating dam of 
Hensen's cells; OS- Outer sulcus (SEl\1 100 X). 
imen again and again, the sense organ 
could be examined on the TV screen 
tum by tum, following the spiral. High­
er magnifications were used to visualize 
the characteristic pattern, and for de­
tailed examination of the surface of in­
dividual hair cells and supporting cells. 
The only part of the organ of Corti not 
in direct view was the small, extremely 
basal part (at this point the organ of 
Corti slopes steeply down). This part 
could be made accessible by detaching 
the specimen from the disk, rotating it 
90° and remounting it. 
In an exsiccator, the specimens could 
be kept for months. The above de­
scribed method of dry dissection was 
made possible by a combination of a de­
gree of toughness of the tissue resulting 
from the cross-linking during glutaral­
dehyde fixation and slight shrinkage 
caused by dehydration and drying. As a 
result, the organ of Corti remained at­
tached to its natural support, the modio­
lus, and the other parts could be re­
moved. The procedure of drilling and 
dissection took about 45 minutes per 
cochlea. Nearly all micrographs were 
made with a scanning electron micro­
scope at 15 kV acceleration voltage." 
It is also possible that after using this 
method for examining the surface of the 
organ of Corti, the same specimen is 
used to study the organ from sections. 
For this purpose the entire organ of 
Corti with the modiolus was embedded 
and cut. The light microscope or trans­
mission electron microscope could then 
be used to study cellular or intracellular 
structures at any site, selected with the 
scanning electron microscope, in the or­
gan of Corti (Fig. 10). 
"Jeol USA, }.Iedford, MA. 1\Iodel JSM-U3 or -35R. 
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Fig. 10. Section through an inner hair cell of the organ of Corti, which has first 
been studied in toto by SEM. The vestibular surface is covered with a black coat ( ar­
row): the vapor-coated carbon films and gold film applied for SEt\L IHC - Inner 
hair cell; St - Stereocilia; C - Cuticular plate; Nu - Nucleus; Mi - Mitochondria; 
SC - Supporting cells (Periodic acid-silver methenamine staining, TEl\1 7,000 X). 
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CHAPTER III 
SCANNING ELECTRON MICROSCOPY OF THE ORGAN OF CORTI 
ANATOMY 
The surface and part of the interior 
of the organ of Corti were examined in 
the first group of 40 normal guinea pigs 
(Figs. 11-27). For detailed information 
on the structure of the cochlea we re­
fer to the literature of previously men­
tioned authorst,4,s, n-u.to, ta,Qa-31,34,3o,3a-H, 
43·40-48 and to the work of Held'0 and 
Kolmer.71 
The sensory cells, or hair cells, are di­
vided by the pillar cells into a single 
row of inner, and usually three rows of 
outer hair cells (Fig. 11). The vestibu­
lar surface of these cells bears hairs or 
stereocilia. The pillar cells are likewise 
divided into an i.J.mer and outer row. To­
gether they form Corti's tunnel (canal 
of Corti). 
On the ii1side of the inner hair cells 
lies a row of slender supporting cells 
whose surface is characterized by nu­
merous microvilli. These cells are other­
wise lrnown as border cells.1•43 The inner 
hair cells are separated from each other 
by inner phalangeal cells. Closer to the 
modiolus lies a row of oblong cells 
which are part of the inner sulcus. These 
cells are clearly demarcated by the pres-
ence of microvilli. The other cells of the 
inner sulcus are flatter and of more vari­
able shape. Their nucleus is often visible 
on the surface. The inner sulcus cells are 
partly concealed by the shrunken tec­
torial membrane. Even closer to the 
modiolus, interdental cells form the sur­
face of the spiral limbus, and Reissner's 
membrane mserts here. 
The inner pillar cells are virtually rec­
tangular at the top, and on the surface 
separate the inner hair cells from the 
outer hair cells. The outer pillar cells 
are pear-shaped on the surface and sep­
arate the outer hair cells of the first row 
from each other and partly from those 
of the second row.G Over most of the 
length of the organ of Corti there are 
three rows of outer hair cells, character­
ized by their regular arrangement and 
the W -configuration of their stereocilia. 
The outer hair cells are not only sep­
arated from each other by the heads of 
outer pillar cells, but also by the phalan­
geal plates of the first and the second 
row of Deiters' cells. These phalangeal 
plates are knuckle-shaped. Those of the 
third row of Deiters' cells are polygonal 
and form a continuous row on the out­
side of the organ of Corti. This pro-
Fig. 11. Surface of the guinea pig organ of Corti in the upper basal turn. The reg­
ular hair cells pattern is evident even at low magnification. IS - Inner sulcus; IHC -
Inner hair cells; OHC - Outer hair cells; HC - Hensen's cells. Arrow� indicate the 
mis�ing outer hair cells ( SEM 600 X ) .  
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Fig. 12. Upper basal tum. The inner hair cells ( IHC) are separated from the three 
rows of outer hair cells ( OHC 1,2,3 ) by the inner pillar heads ( IPH), which show some 
slight distortion. This indicates the site at which the outer pillar heads are still localized 
beneath the inner pillar heads. The outer hair cells of the first row are separated from 
each other by the pear-shaped outer pillar heads ( OPH) . There are three rows of 
Deiters' cells ( DC 1,2,3 ) .  The phalangeal plates of Deiters' cells are knuckle-shaped in 
the first two rows, and polygonal and closely packed in the third row. The stereocilia 
of the OHC show a W-configuration. Unlike the surface of the sensory cells, that of the 
supporting cells shows an abundance of microvilli ( SEM 2,500 X) .  
vides a sharp demarcation from the Hen­
sen's cells. Unlike the sensory cells, the 
phalangeal plates and pillar heads show 
an abundance of microvilli (Fig. 12) . 
In the apical turn the Hensen's cells con­
stitute a high dam, which gradually 
loses height in the direction of the round 
window. At the apex this dam takes an 
undulating course, and this also dimin­
ishes in basal direction ( Fig. 8 ) . This 
undulating shape is a constant finding. 
More externally lies the outer sulcus, 
lined with Claudius' cells; these are low­
er than Hensen's cells and resemble those 
of the inner sulcus. The outer sulcus 
changes into the spiral prominence. 
The stereocilia of an inner as well as 
of an outer hair cell of the guinea pig 
stand in three rows of varying lengths, 
like organ pipes. In the apical part, 
there are interconnections between the 
longest stereocilia of an inner hair cell 
(Fig. 13). These were also observed by 
Bredberg et al.41 However, the longest 
stereocilia of the outer hair cell also 
seem to be interconnected, at least in 
the upper two-thirds ( Figs. 14, 15). The 
stereocilia of the inner and the outer 
hair cells are arranged in a W-config­
uration, this showing a much wider 
angulation in the inner than in the outer 
hair cells. 71• 73 The shortest stereocilia of 
the inner hair cell are evidently tllinner 
than the others, whereas the stereocilia 
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Fig. 13. Lower apical tum. Inner hair cell viewed from the inside. Three rows of 
stereocilia of different lengths. Some of the longest are interconnected ( arrow ) ;  the 
shortest are thinner than the others. The many microvilli in the foreground stand on the 
surface of a border cell ( BC ). The mushroom-shaped bulge between the two sensory 
cells may be from an inner phalangeal cell ( SE�! 15,300 X ) .  
of the outer hair cell all seem to b e  of 
the same thickness.41 The ends of the 
stereocilia of the outer cells are clubbed 
and packed close together, seemingly 
supporting each other and forming a 
single unit.73 All stereocilia are slightly 
thinner at the base, and the different 
rows stand at different angles (Fig. 16 ) .  
The combination of the stereocilia of 
a hair cell is reminiscent of a leaf spring 
design. It may be assumed that only 
the longest connect with the tectorial 
membrane, and that a bending of the 
stereocilia stimulates the sensory cell. 
The stereocilia of different lengths rep­
resent the spring leaves. When the long­
est stereocilia are bent in by a sound 
wave, their resistance will increase pro­
gressively and displacement will be only 
small; when they are bent out, their re­
sistance will be considerably less owing 
to the presence of the shorter ones. This 
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Fig. 14. Lower apical turn. Outer hair cells of the first row, viewed from the spiral 
ligament. The ends of the longest hairs are clubbed. The stereocilia are apart at the 
base, but come together at a higher level. The arrow indicates an elevation of the cell 
surface caused by the basal body. M - Microvilli of the supporting cells ( SE!\I 
15,400 X ) . 
is entirely in accordance with reports by 
Flock et aP and von Bekesy,14 who on 
the basis of other morphological and 
electrophysiological findings established 
an unmistakable predilection of the out­
er hair cells for radial movement, to­
wards the spiral ligament. This is in the 
direction of the basal body, which is re­
garded as the site of maximum sensi­
tivity of the cell membrane. The local­
ization of the basal body is visible by a 
slight thickening of the surface of the 
outer hair cells. 34• 72• 75 
When the organ of Corti ruptures in 
the course of dissection, other parts can 
become visible. For instance, it can then 
be seen that the surface of the outer pil­
lars is granular. Similar granular sur­
faces of the outer pillars are shown in 
photographs by lurato,l and Angelborg 
and Engstrom.47•48 Nerve fibers extend 
through Corti's tunnel : the radiating tun­
nel fibers which ramify and extend be­
tween the outer pillars to the outer hair 
cells ( Fig. 17 ) .  These fibers are believed 
to be part of the efferent system, the 
Fig. 15. Apical turn. Outer hair cell of 
the first row viewed from the outside. 
Due to slight outward displacement of 
the longest stereocilia, interconnections 
between the longest hairs are visible in 
the upper two-thirds ( arrow ) .  The blebs 
( b )  on the stereocilia are observed in 
normal as well as in sound-damaged 
cochleae ( SE!\1 8,400 X ) .  
Fig. 16. Basal turn. Outer hair cell of 
the first row viewed from the inside. The 
longest stereocilia are shorter than those 
in more apical turns. The three rows of 
stereocilia of different lengths are of 
equal thiclrness and closely packed to 
form what seems to be a single unit. The 
lower parts of the stereocilia slightly ang­
ulate from each other ( arrow) ( SE!\1 
8,400 X ) .  
Fig. 17. Upper basal turn. Part of the organ of Corti \vith view into Corti's tunnel. 
Only the inner hair cells ( IHC ) ,  inner pillar heads ( IPH ) and outer pillars ( OP ) as 
well as the first row of disrupted outer hair cells ( OHC) are visible. Nerve fibers ex­
tend through the tunnel and ramify: the radiating tunnel fibers ( rtf ) .  The surface of 
the outer pillars is granular ( SEM 1,260 X ) .  
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Fig. 18. Basal tum. Nuel's space becomes visible when parts of the organ are broken 
away. Three rows of outer hair cells ( OHC ) with their cell bodies. These rest on 
Deiters' cells ( DC ) ,  each of which has a phalangeal process ( Ph ) .  At the surface this 
broadens to become a phalangeal plate ( SEM 2,800 X ) .  
Fig. 19. Upper basal turn. Diagram of 
the organ of Corti and tectorial mem­
brane of the guinea pig. Due to trans­
verse and longitudinal shrinkage the 
membrane is loosened and finally re­
versed on the spiral limbus. Stages 2 and 
6 ( hatched) were taken from specimens. 
( Mter Werner, .. Monatsschr Ohrenheilkd 
Laryngorhinol 17:1017, 1937. With per­
mission of Georg Theime Verlag, Stutt­
gart, West Germany. ) 
bundle of Rasmussen. 76 The outer hair 
cells are localized in Nuel's space and 
rest on the Deiters' cells. Each Deiters' 
cell has a phalangeal process which 
broadens at the surface to form a phalan­
geal plate, always skipping every other 
cell so that the outer hair cells seem to 
be optimally separated ( Fig. 18 ) .  
The tectorial membrane seems to play 
an important role in excitation of the 
sensory cells.77-79 The mechanism of ac­
tion has been a subject of discussion 
for decades.l,38,H.4a, 12, 73,75,80-85 One of 
the reasons undoubtedly lies in the dif­
ficulty to produce a reproducible 
morphology, because this membrane is 
subject to marked distortion when fixed, 
dehydrated and dried for morphological 
examination. As early as 1937, Werner 6 
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Fig. 20. The tectorial membrane ( Tl\1 ) of the apical tum viewed from above. The 
fiber course is not radial but slightly angulates from the radius and is more or less S­
shaped. Attached to the third row of Deiters' cells are proces;es of the tectorial mem­
brane which form the marginal net ( l--IN ) .  The dam of Hensen's cells ( HC ) here takes 
an undulating course. The depressions in the Hensen's cells ( arrow) are artifacts ( SEM 
380 X). 
mentioned these changes and explained 
why the tectorial membrane is rarely, if 
ever, fixed in its natural position. He de­
scribed how this membrane can shrink 
in three directions : in height, in width, 
and longitudinally, i.e., parallel to the 
axis of the cochlear duct ( Fig. 19 ) .  It 
is precisely this shrinkage that has been 
utilized in the present study to visualize 
the surface of the organ of Corti. The 
tectorial membrane is made up of fibril­
lae and ground substance, 83 and can be 
divided into three zones : the limbal, the 
middle, and the marginal zone. The lat­
ter ends externally in a network known 
as marginal net. Although in guinea pigs 
tllis is not llighly developed/3 tl1is net 
was often found visible in our specimens, 
especially in the apical tum. It is quite 
conceivable tlmt the above mentioned 
shrinkage causes the network to stretch 
before it breaks, as a result of wllich it 
seems much larger tl1an it really is. We 
observed on several occasions tl1at tl1e 
marginal net was attached to the outer 
row of phalangeal plates of Deiters' 
cells, sometimes exactly at tl1e boundary 
with the Hensen's cells. The fibrillae of 
tl1e tectorial membrane are not radially 
arranged but angulate slightly from the 
radius and are more or less S-shaped 
( Fig. 20). 
It has been repeatedly demonstrated 
that the longest stereocilia of the outer 
hair cells are firmly attached to tl1e tec­
torial membrane.36•43•73•87 Using tl1e 
scanning electron microscope, Kosaka 
et al, 30 Lim43 and Tanaka et al, 46 were 
in fact able to demonstrate imprints. In 
our specimens we observed hyperexten­
sion or fracture of the longest stereocilia 
of tl1e outer hair cells several times ( Fig. 
21). This artifact would seem to sug­
gest a firm connection. 
The question whetl1er the longest ster­
eocilia of the inner hair cells are also 
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Fig. 21. Lower apical turn. Contact between outer hairs and tectorial membrane. 
Hyperextended and partly disrupted stereocilia ( arrow ) of outer hair cells are visible 
through defects in the marginal net ( MN ) .  This is undoubtedly an artifact caused by 
shrinkage of the tectorial membrane, but it does indicate a firm connection between 
stereocilia and this membrane ( SEM 4,200 X ) .  
connected with the tectorial membrane 
has, so far, remained moot. In any case, 
it is certain that the connection between 
inner hair cell stereocilia and the tec­
torial membrane is weaker than that be­
tween outer hair cell stereocilia and the 
membrane.13 Nevertheless, our study has 
revealed unmistakable indications of a 
connection between inner hair cell ster­
eocilia and the tectorial membrane. In 
Figure 22 some of the longest stereocilia 
of the inner hair cells are obviously hy­
perextended, and in Figure 23 at least 
two have broken and are still attached to 
the tectorial membrane. Both phenom­
ena are suggestive of an existing connec­
tion. A more detailed knowledge of this 
connection is essential to theorization on 
the excitation of the organ of Corti. 
Does it involve activation by a flow of 
fluid or displacement of the tectorial 
membrane relative to the basilar mem­
brane? 
On the tympanic surface of the tec­
torial membrane five lines can be dis­
tinguished ( Fig. 24) .  Three of these 
take an undulating course and mark the 
sites of insertion of the longest stereo­
cilia of the outer hair cells. The remain­
ing two lines are slightly curved. The 
outermost of the two is localized at the 
level of the inner hair cells, and may be 
another indication that tl1e longest inner 
hair cell stereocilia are here connected 
24 EDUARD R. SOUDI]N 
Fig. 22. Apical turn. Partly curled-up tectorial membrane ( TM ) .  Some of the long­
est stereocilia of the inner hair cells ( IHC ) are hyperextended ( arrow) .  This may in­
dicate a former connection between these stereocilia and the tectorial membrane, to 
which stereocilia of outer hair cells are still attached ( asterisk) ( SEl'vi 2,500 X). Inset: 
some stereocilia of the inner hair cell are hypere.xtended and still attached to the tec­
torial membrane ( SE�I 2,800 X) . 
with the tectorial membrane. The fifth 
line may mark the site of the connection 
between this membrane and the border 
cells, as described by Lim,�3 although 
no trabeculae are observed here. The 
area between the two slightly curved 
lines is sometimes called Hensen's stripe. 
The vestibular surface of the basilar 
membrane becomes visible when the or­
gan of Corti is accidently removed. The 
surface is relatively smooth between the 
remnants of the inner and outer pillars. 
The former site of the Deiters' cells, too, 
is identifiable only by three rows of 
points ( Fig. 25 ) .  The tympanic surface 
of the basilar membrane is more readily 
visualized than the vestibular surface. To 
achieve this, the specimen is broken at 
the basal tum, rotated 180° and re­
glued, whereupon it is again coated with 
carbon and gold. The basilar membrane 
cells form a compact layer in the basal 
tum which, towards the apex, gradually 
loosens and assumes the features of a 
network.15·�7 The fibrillae of the basilar 
membrane are clearly visible through 
the meshes of this network. They take a 
radial course in relation to the modiolus 
and are more or less perpendicular to 
the course of the pattern of the basilar 
membrane cells ( Fig. 26). Angelborg 
and Engstr6m'7 observed kinocilia on 
these cells. 
vARIATIONS IN THE HAIR CELL PATTERN 
Before degenerative characteristics 
can be distinguished in the organ of 
Corti, the normal variations in the hair 
cell pattern should be thoroughly known. 
Each nonnal cochlea has some sensory 
cells missing.5•14 The missing cells are 
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Fig. 23. Basal half apical tum. The tectorial membrane is partly curled up, and 
stereocilia of inner hair cells are visible as a result. At least two stereocilia seem to have 
broken off from the cell surface and to be still attached to the tectorial membrane ( ar­
row) .  This is likewise an artifact, but it is indicative of a connection ( SEM 4,600 X). 
usually outer and rarely inner hair cells. 
In normal test animals, apart from miss­
ing single hair cells, sporadically small 
groups of hair cells were found to be 
missing, producing the effect of a cica­
trix in the surface of the organ of Corti. 
The number of missing sensory cells in 
the normal pattern of the basal upper 
basal, lower apical, and basal half of api­
cal turns totals about 100. Whether 
these cells have always been absent or 
were lost during the relatively short 
lives of the test animals, is unknown. 
When more than eight cells per scar 
were missing, it was assumed that acous­
tic trauma was involved. 
The apical tum occupies a special po­
sition in the hair cell pattern. In the 
apex, the organ of Corti begins with vir­
tually only inner hair cells. Pillar heads 
and outer hair cells are totally absent, 
as is also the Hensen's cell dam. At this 
level, inner and outer sulcus merge in a 
semicircular arch. Following the tum, a 
variable number of inner hair cells are 
succeeded by the first outer hair cells, 
which show a rather chaotic pattern. 
The typical W-configuration of the ster­
eocilia is still lacking, as is the regular 
hair cell pattern. It is only in the course 
of the apical turn that the regular pat­
tern gradually emerges ( Figs. 27, 28 ) ,  
beginning with the first row of outer 
hair cells and continuing with the sec­
ond and third rows.17•46 The rectangular 
shape of the inner pillar heads also 
emerges. It is often not until the basal 
quarter of the apical turn that the organ 
of Corti assumes its characteristic regu­
lar pattern. Consequently, it is hardly 
possible to demonstrate degenerative 
changes in the apical half turn. For this 
reason, Bohne et al88 did not include the 
apical half tum in her sound damage 
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.1:' 1g. 2.4. tla�al turn. lympanic surtace ot tectorial membrane. Five lines are visible 
( arrows ) ;  the first three take an undulating course and fom1 the sites of insertion of 
the longest stereocilia of the outer hair cells. The remaining two lines are slightly curved. 
The fourth line is seen at the level of the inner hair cells and probably marks the site 
of attachment of the longest stereocilia of these cells to the tectorial membrane. The 
fifth line is probably the site at which border cell trabeculae are attached to the tec­
torial membrane ( SE!'vl 1,660 X ) .  Inset A )  Imprints of stereocilia of an outer hair cell 
in the tectorial membrane ( SE:\1 7.500 X } .  Inset B )  Detail of second undulating line; 
some stereocilia have remained attached to the tectorial membrane, and a few of these 
are hyperextended ( SEM 5,200 X ) .  
studies. I n  the present study the same 
policy was adopted. 
hair cells is occupied by the two adja­
cent outer pillar heads18 ( Fig. 29 ). In 
the second row it is both the outer pillar 
heads and the phalangeal plates of Dei­
ters' cells that reconstruct the reticular 
membrane ( Fig. 30), but in the third 
row it is only the phalangeal plates. 
Not infrequently the pattern of tl1e Hen­
sen's cells changes simultaneously. Eng­
strom et al14 described the replacement 
The site of a missing sensory cell on 
the surface is occupied by several hyper­
trophied supporting cells. Not only is 
their surface larger but their microvilli 
also seem more numerous!' A certain 
system can be discerned in the occupa­
tion of missing cell sites. The site of a 
cell missing from the first row of outer 
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Fig. 25. Basal tum. The basilar membrane viewed from above after removal of the 
organ of Corti. Between the sites of insertion of the inner ( IPC ) and outer pillar cells 
( OPC ),  the surface is relatively smooth. The three rows of dots indicate the fom1er sites 
of Deiters' cells ( DC ) .  At the level of the missing inner pillar cells a bundle of nerve 
fibers is observed: the spiral tunnel bundle ( STB ) .  The two ntptures are radial artifacts 
( SE!vl 380 X ) .  
Fig. 26. Lower apical turn. The tympanic surface of the basilar membrane with 
its lining of basilar membrane cells ( BMC ) ,  which here form a network. Their number 
diminishes from the basal to the apical aspect. The fibers of the basilar membrane are 
visible through the meshes of tl1e network ( SEM 1,260 X ) .  
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Fig. 27. The extremely apical part of the organ of Corti near the helicotrema ( H ) .  
The inner hair cells ( IHC ) are arranged i n  a row i n  which a few are missing. Apical­
ly there are no outer hair cells. Following the tum in basal direction they are arranged 
in an exceedingly irregular pattern. \ Vhere the first outer hair cells ( OHC ) become 
visible, the dam of Hensen's cells ( HC ) begins. RM - Reissner's membrane; Tl\I -
Tectorial membrane; IS - Inner sulcus ( SEl\I 380 X ) . 
Fig. 28. DetaU of Figure 27. The extremely apical part of the organ of Corti. The 
inner hair cells ( IHC ) are arranged in a row. A zone of cells with irregular contours 
( arrow ) and covered with microvilli is seen at the site where pillar cells and outer hair 
cells appear further down. The inner sulcus ( IS )  merges with the outer sulcus ( OS ) . 
An asterisk marks the sites of some missing sensory cells ( SEl\I 1,260 X) .  
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Fig. 29. Basal turn. Missing cell in the 
first row of outer hair cells ( OHC ),  the 
site being occupied by two hypertrophied 
outer pillar heads ( OPH ) .  The small 
tear in the surface at this site is an arti­
fact, possibly due to diminished strength 
of the reticular membrane. IPH - Inner 
pillar heads; pp - Phalangeal plate of 
Deiters' cell ( SEM 2,400 X ) .  
o f  a sensory cell by supporting cells as 
"phalangeal scar." Changes in the regu­
lar pattern are discernible at magnifi­
cations of 400 times and up. 
Missing inner hair cells, much less 
common in the normal cochlea, are also 
replaced by supporting cells, covered 
with numerous microvilli. Spoendlin 13 
demonstrated this by transmission elec­
tron microscopy. It is difficult to judge 
from the surface whether the inner pil­
lar cell, border cell, inner sulcus or in­
ner phalangeal cell replaces the missing 
inner hair cell. A combination of these 
supporting elements may be involved. 
Unlike the cell boundaries of outer hair 
cells, those of the inner hair cells war­
rant no conclusion in this respect ( Fig. 
31 ) .  Not infrequently, however, an en­
larged inner sulcus cell was observed. 
The supporting cells apparently have a 
secondary function: closure of the retic­
ular membrane after degeneration of a 
sensory cell. After all, a defect in the 
Fig. 30. Basal turn. Two missing outer 
hair cells ( OHC ) in the second row. 
Their sites in the reticular membrane are 
occupied by hypertrophied outer pillar 
heads ( OPH ) and phalangeal plates 
( pp ) of Deiters' cells ( SEM 2,400 X ) .  
Fig. 31. Apical tum. Missing inner hair 
cell ( IHC ) .  Its site shows an abundance 
of microvilli. The boundaries between the 
individual supporting cells are ill-defined. 
The structure in the exact center ( arrow ) 
could not be interpreted but has been ob­
served in other specimens as well. ISC 
- Inner sulcus cell; IPH - Inner pillar 
head ( SEM 2,400 X ) .  
reticular membrane could entail ion 
leakage. 
Frequently, tiny ruptures were ob-
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Fig. 32. Upper basal turn. The outer row of outer hair cells shows duplication. At 
this site the pattern of Deiters' cells and Hensen's cells has also slightly changed. IS -
Inner sulcus; IHC - Inner hair cell; OHC 1,2,3,4 - Four rows of outer hair cells; pp 
- Phalangeal plate of Deiters' cells; HC - Hensen's cells ( SEl\I 1,530 X ) .  
served in the surface where scars were 
seen. These were doubtless artifacts, 
which could have been caused by the 
frailty of the reticular membrane and 
slight shrinkage of the specimen. 
The normal hair cell pattern is char­
acterized not only by missing sensory 
cells but also by duplications, more fre-
quently of outer tl1an of inner hair cells. 
Sometimes there are four rows of outer 
hair cells; this is mostly observed in the 
basal and the upper basal tum (Fig. 
32 ) .  The duplication here seemed to 
have been effected by opposite move­
ments of sensory cells until they were 
lying abeam. Inner hair cell duplication 
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Fig. 33. Apical turn. Duplication of an inner hair cell ( IHC ) .  The extra cell ( E ) 
is localized on the inside of the row, centrally in front of two others. The first row of 
outer hair cells ( OHC) is still visible. S light artificial irregularity in the arrangement 
of the stereocilia. IPH - Inner pillar head ( SEI\1 4,600 X ) .  
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Fig. 34. Organ of Corti of a rabbit. Nearly a century ago Retzius drew a similar 
duplication of an inner hair cell, likewise in the apical turn, and similarly placed in re­
lation to two other cells (arrow) ( 600 X ) .  From: Das Gehororgm1 der Wirbeltiere, part 
II, 1884." 
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Fig. 35. The basal end of the organ of Corti. In the oval window the stapes foot­
plate ( SF )  is visible from the inside. The arrow indicates the site of the organ of Corti, 
which here has its minimal width and extends past the oval window. The circle indi­
cates the basal end, see Figure 36 ( SE.l\1 100 X ) .  
is rare, and not confined to a given 
turn (Fig. 33 ) .  Yet Retzius·• observed it 
in his early studies of rabbits ( Fig. 34 ) .  
The regularity of the cell pattern of 
the organ of Corti gradually increased 
from the apical to the basal tum, that 
at the apex being negligible and that at 
the base being maximal. 
In guinea pigs, the basal part of the 
organ of Corti passes the round and the 
oval window ( Fig. 35 ) .  The surface of 
the outer hair cells is kidney-shaped at 
this level, and the legs of the W -con­
figuration of these cells are farther apart. 
The stereocilia are shortest here. The 
dam of Hensen's cells is quite absent, 
inner and outer sulcus merging as they 
do in the apex. The regularity of the 
hair cell pattern is maintained down to 
the basal end (Fig. 36 ) . 
.ARTIFAcrs 
Apart from a knowledge of the nor­
mal variations in the hair cell pattern, 
it is of great importance to be able to 
identify artifacts. Normal changes and 
artifacts alike are to be differentiated 
from acoustic damage to the organ of 
Corti. 
It is astonishing that only relatively 
few artifacts are seen in the preparation 
of this delicate organ. Artifacts could be 
caused by fixation, dehydration and dry­
ing, but also by variations in tempera­
ture in the critical point apparatus or by 
vibrations during the grinding down of 
the otic capsule. That the sense organ 
tolerates all these traumatic processes is 
explained by a combination of factors. 
First of all, the organ of Corti has a de­
gree of firmness due to its numerous 
supporting cells. Some of these cells de­
rive their strength from fibrillar struc­
tures, 70 as was found especially with the 
transmission electron microscope.1•11-14 
Second, the reticular membrane has a 
high degree of stiffness. Third, the use 
of glutaraldehyde as fixative enhanced 
firmness. Finally, dissecting was facili-
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Fig. 36. Detail of Figure 35. The basal end of the organ of Corti. After no more 
than five inner hair cells ( IHC) the organ assumes its "classic" pattern. The organ has 
its minimal width here. The W-configuration of the outer hair cells ( OHC ) is less pro­
nounced because the angle between the long legs is wide. The surface of the outer hair 
cells is kidney-shaped at this level ( SEM 1,600 X ) .  
Fig. 37. Lower apical turn. This specimen was accidentally air-dried. I t  shows 
marked shrinkage, as a result of which the outer hair cells ( OHC ) are pronounced, 
while the supporting cells are depressed. The cell boundaries are emphasized, whereas 
details become vague. The stereocilia are stuck together. In the reticular membrane, 
some outer hair cells are missing ( normal variation ) .  An opening is seen in the scar ( S ) .  
The Hensen's cells show a tear ( SEM 1,260 X ) .  
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Fig. 38. Upper basal turn. Preparation damage to the organ of Corti. The hairs of 
the third and some of those of the second row of outer hair cells have broken off. Some 
are completely detached ( arrow ) .  The second row shows a phalangeal scar ( S )  because 
phalangeal plates of Deiters' cells have replaced the sensory cell. The surface shows 
several ruptures and is covered with debris ( SEivi 1,260 X ). 
tated by the fact that the cochlea was 
dry. This made it feasible to break away 
the otic capsule while leaving the mem­
branous part of the cochlea attached to 
the modiolus. This became possible by 
slight shrinkage during drying, as a re­
sult of which the spiral ligament was 
loosened from the enveloping bone. 
Yet shrinkage was the artifact which 
posed the greatest problems in the 
course of this study. When during the 
dehydration procedure in the acetone 
series the specimen was accidentally air­
dried, shrinkage was enormous and all 
details were lost ( Fig. 37 ) . This risk 
was greatest when the specimen was in 
the absolute acetone at a high room 
temperature. 
In the basal turn, where the basal 
membrane and the organ of Corti are 
much smaller and seemingly more frag­
ile, spiral ruptures sometimes occurred 
between inner and outer hair cells, pre­
cisely in the area of Corti's tunnel. In 
such cases, the inner hair cells were still 
connected with the spiral limbus, and 
the outer hair cells with the spiral liga-
ment. However, missing cells or cell 
groups could still be localized without 
difficulty. It was fow1d that ruptures 
and defects in the reticular membrane 
generally showed a predilection for sites 
from which sensory cells or sensory and 
supporting cells had been lost. 
Occasionally, a ropy precipitate was 
found on the organ of Corti in laby­
rinthine fixation. This was possibly 
caused by precipitation of protein from 
the endolymph. In some cases, part of 
the organ of Corti was found to curl in, 
due to causes so far unknown. Parts of 
the organ can break off during dissec­
tion under the binocular microscope. The 
relative grossness of these lesions facili­
tated identification of these artifacts 
( Fig. 38 ) .  The layers applied to the 
specimen by vacuum-coating should not 
be too thick, lest the specimen be 
"snowed under" and details be lost."8 
In view of these findings, the tautness 
of the cell surface was taken as the prin­
cipal criteria of the quality of the speci­
men. The less shrinkage and tearing, the 
closer its resemblance to its natural state. 
CHAPTER IV 
ACOUSTIC TRAUMA CAUSED BY PURE TONES 
STUDY OF THE F ACfORS : INTENSITY, 
TIME LAPSE AND FREQUENCY 
In an effort to obtain information 
which might be useful in studying acous­
tic trauma caused by otologic drills, a 
study was first made of the traumatic 
effect of pure tones on the organ of 
Corti. Three series of guinea pigs were 
used for this purpose. In the first series 
the intensity of a pure tone of a given 
frequency and duration was varied. In 
the second series a pure tone of a given 
frequency, duration and intensity was 
offered, but the interval between the 
end of the tone and the sacrifice of the 
animal was varied. In the third seri� 
the frequency of a pure tone of given 
duration and intensity was varied. In 
this way an attempt was made to obtain 
information on the localization, time of 
occurrence and degree of damage to the 
organ of Corti. 
The literature agrees to some extent 
on the order in which cellular elements 
of the organ of Corti are damaged in 
the case of an acoustic trauma. As early 
as 1909 YoshiF described, on the basis 
of sectioned material, degeneration of 
the outer hair cells as the first evidence 
of acoustic trauma in the cochlea. With 
increasing duration or intensity of the 
tone offered, the inner hair cells were 
damaged next, and finally the entire 
supporting apparatus. After complete de­
generation of the organ of Corti only a 
low dam of cubical epithelium remained. 
These findings were corroborated in the 
course of subsequent decades, not only 
from sectioned material but also by the 
surface specimen technique and with 
the scanning microscope.lo,ls,a,17,a7,u ,s7, 
G7 ,SD-03 
Lurie et az,o• found detachment of the 
basilar membrane cells as a first sign of 
degeneration caused by acoustic trauma, 
but others were unable to confirm this. 1 0  
In their book, Riiedi and Furrer10 formu-
lated important conclusions which have 
retained their validity and may there­
fore be repeated here : 
1. A pure tone is more traumatic than 
a noise of the same intensity and dura­
tion. 
2. When a pure tone of sufficient dur­
ation and intensity is offered, degenera­
tion of sensory and supporting cells can 
extend over several turns, preferably in 
apical direction. 
3. The site and extent of a given 
acoustic trauma show marked interindi­
vidual variations; nevertheless, the maxi­
mum of the lesion is usually localized in 
the basal end of the upper basal tum. 
4. It is impossible to demonstrate a 
frequency localization in the cochlea 
with an acoustic trauma. 
5. The cause of the 4,000-6,000 Hz 
dip in the audiogram is still obscure. 
Degenerative changes of the outer 
hair cells become apparent in an early 
stage from a disarrangement of the 
stereocilia.14 Lim and Melnick37 and 
Bredberg et alH found blebs on the 
stereocilia with the scanning electron 
microscope. This bleb formation can be 
one of the first signs of acoustic trauma, 
but has also been found in normal test 
animals. Other early signs are probably 
fusion of hairs with formation of giant 
stereocilia.13•41•H•03 Sensory cells showing 
these abnormalities can hardly be con­
sidered able to function normally. The 
high differentiation of the sensory cells 
limits their regenerative possibilities, and 
a return to a normal structure is conse­
quently unlikely.05•06 The cell disappears 
completely, being discarded into the en­
dolymphatic space, and the supporting 
elements fill the opening, thus closing 
the defect in the surface of the sensory 
organY 
RESULTS 
For each cochlea, a cochleogram of 
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TABLE I 
COCHLEOGRA�IS OF GUINEA PIGS EXPOSED TO 2,000 HZ FOR TWO HOURS AT 
V ARlO US INTENSITIES 
Right Cochlea 
Animal No. Intensity Turn 1 2 3 4 
1 96 dB SPL 
I HC� 
OHC IT I � 
2 106 dB SPL 
I HC � 
OHC IT I � 
3 116 dB SPL 
I HC� 
OHC IT _j I � 
4 126 dB SPL OHC 
5 Control OHC IT� I � 
Simplified cochleograms of guinea pigs exposed to a pure tone of 2,000 Hz for two 
hours, applied to the right ear at different intensities. Black areas indicate damaged or 
missing hair cells and hatched areas indicate parts of the organ of Corti not included in 
assessment. Only acoustic lesions are indicated. The relative lengths of the various turns 
of the cochlea were calculated from scanning electron microscopic photographs. Only at 
126 dB SPL were extensive lesions found in the apical quarter of the basal tum and 
throughout the upper basal tum. In particular, the inner hair cells and the first-row 
outer hair cells were damaged. 
the entire organ of Corti was made in 
which the missing hair cells and scars 
were registered per turn, as distributed 
over the inner hair cells and three rows 
of outer hair cells. This provided a de­
tailed record of the extent, localization, 
and pattern of the cellular degenerations 
found. The apical half of the apical 
tum and the extremely basal part of the 
basal turn were not assessed. The form­
er was excluded in view of its constant 
irregularity, and the latter because it  
rarely shows any abnormalities, and mi­
crodissection of this part of the organ of 
Corti is very time consuming. 
In the first series of five guinea pigs 
the intensity of the pure tone was varied. 
Four animals were exposed to a tone of 
2,000 Hz for two hours. The fifth served 
as control; the animal was anesthetized, 
and the usual telephone was taped to its 
right ear, but no tone was supplied. 
The first guinea pig was exposed to 96 
dB sound pressure level ( SPL ) ,  the 
second to 106 dB SPL, the third to 116 
dB SPL and the fourth to 126 dB SPL. 
The animals were sacrificed three to 
four weeks after exposure to the tone. 
In the simplified cochleogram, the num­
ber of normally missing cells, scattered 
over a tum, were excluded by subtrac­
tion as follows: from the basal turn 50 
inner and/ or outer hair cells, from the 
upper basal tum 25, from the lower api­
cal tum 20, and from the basal half of 
the apical turn, five sensory cells ( Table 
I ) .  
Only the right cochlea of the fourth 
guinea pig ( 126 dB SPL ) showed un­
mistakable degeneration of sensory cells 
in the apical quarter of the basal turn 
and throughout the upper basal turn. 
Scars indicating collapse of the organ of 
Corti were not seen. In the upper basal 
turn it was especially the inner hair cells 
and the outer hair cells of the first row 
that had degenerated. Some inner hair 
cells had disappeared completely; others 
were still present but had lost all or 
nearly all their stereocilia. Outer hair 
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TABLE II 
COCHLEOGRAMS OF GUINEA PIGS EXPOSED TO 2,000 HZ FOR TWO HOURS AT 
130 dB SPL AT VARIOUS INTERVALS 
Animal No. Interval 
1 5 min 
I HC� 
OHC IT 
2 5 min 
I HC� 
OHC [ j
3 24 hr 
I HC� 
OHC [I 
4 24 hr 
I HC� 
OHC IT _j 
5 1 wk 
I H C� 
OHC [I 
6 1 wk OHC IT� 
7 3 wk 
I H C� 
OHC IT 
8 3 wk OHC U� 
9 3 1110 
I HC� 
OHC G 
10 3 rna 
I HC� 
OHC IT 
cells in the second and third rows also 
showed a decrease in number but this 
decrease was less pronounced ( Table I ) .  
The remaining nine cochleae ( three 
exposed and six controls ) showed no 
evidence of acoustic trauma. This means 
that the cochleae of the control animal 
did not differ from the other seven 
either. The left cochlea of the fourth 
guinea pig had not suffered from the 126 
dB SPL applied to the right ear. The 
protective effect of the head had appar­
ently been sufficient, and the left coch­
lea could be used as control. 22 
In the second series the interval be-
Right Cochlea 
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tween exposure to the tone and the time 
of sacrifice of the aninml was varied. If 
an acoustic trauma of the organ of Corti 
were of a purely mechanical nature, it 
could be assumed to be visible in the 
specimen immediately after the inflic­
tion. If it is based on a metabolic pro­
cess, changes are not likely immediately 
to become visible on the vestibular sur­
face of the sensory cell. After all, the 
cuticular plate is characterized by c.1n­
siderable stiffness. When a sensory Cl'll 
is persistently irritated until it degener­
ates due to an excess of metabolites, then 
evidence of this should be more readily 
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Fig. 39. Transition from basal to upper basal tum. The right ear was exposed to a 
tone of 2,000 Hz for two hours at 130 dB SPL, the animal being sacrificed one week 
after exposure. Slightly more than 0.2 mm of tl1e organ of Corti have been lost com­
pletely. To the left of the scar ( S )  there are a few outer hair cells of normal appearance 
of tl1e second and tl1ird row. On the extreme left a second scar is just visible. The de­
fects in the surface ( arrow ) are probably artifacts ( SEl\I 320 X ) .  
Fig. 40. Upper basal tum of tl1e cochlea shown in Figure 39, exposed to 2,000 Hz 
for two hours at 130 dB SPL. All inner and outer hair cells of tl1e first row have been 
lost. Some of tl1e outer hair cells ( OHC ) of tl1e second and most of tl10se of the 
third row are intact. The number of cells of normal appearance increases from tl1e in­
side out ( SEM 480 X ) .  
visualizable in the cell body, e.g., by 
transmission electron microscopy."'·88 
This series consisted of ten guinea pigs, 
divided into five pairs. They were all 
exposed to the same tone: 2,000 Hz for 
two hours with an intensity of 130 dB 
SPL, applied to the right ear. The first 
two guinea pigs were submitted to intra­
vital perfusion five minutes after expo­
sure to the tone. The second pair after 
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Fig. 41. Detail of Figure 40. Inner hair cells (IHC) and fir�t-row outer hair cells 
( OHC) show degenerative features. Some inner hair cells seem to have been complete­
ly replaced by supporting cells whose surface is covered with microvilli (arrow ) .  In 
others the oval contours of the sensory cell are still visible, and only the stereocilia seem 
to have disappeared (asterisk ) .  The first-row outer hair cells show extensive clumping 
of stereocilia. Phalangeal scars ( S )  indicate missing outer hair cells. The other sensory 
cells appear to be quite nom1al (SEM 2,500 X ) .  
24 hours, the third pair after one week, 
the fourth pair after three weeks and 
the fifth pair after three months. The 
first two pairs ( five minutes and 24 
hours ) showed no abnormalities. In the 
pair sacrificed after one week, three of 
the four cochleae were normal hut the 
right cochlea of one animal showed ex­
tensive lesions in the organ of Corti. The 
damage extended from the apical quar­
ter of the basal tum to the basal quarter 
of the lower apical tum ( Table II ) .  
More than two turns showed abnormal­
ities. A striking finding was that three­
quarters of the basal tum showed an en­
tirely regular hair cell pattern, whereas 
the fourth quarter showed a scar mea­
suring more than 0.2 mm due to com­
plete degeneration of the organ of Corti 
and its replacement by a layer of poly­
gonal epithelium. More apically there 
were some 15 outer hair cells of normal 
appearance in the second and third row, 
which were followed by another scar of 
approximately the same size ( Fig. 39 ) .  
This was localized i n  the basal part of 
the upper basal tum. Following the up­
per basal tum in apical direction, signs 
of degeneration were seen mainly in the 
inner hair cells and the first row of out­
er hair cells. But the second and third 
rows of outer hair cells also showed 
missing cells or groups of cells ( Fig. 
40) .  In the lower apical tum the num­
ber of damaged cells gradually dimin­
ished, and a regular pattern was re­
sumed in the start of the apical tum. 
In the upper basal and lower apical 
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TABLE III 
COCHLEOGRA�IS OF GUINEA PIGS EXPOSED FOR TWO HOURS AT 4,000 AND 
1,000 HZ FOR 110 AND 134 dB0 
Animal Tone 
No. (Hz) Cochlea dB SPL Tum 1 2 3 4 
1 4,000 R 110 OHC 
2 4,000 H 110 OHC 
3 1,000 R 134 OHC U� I I I � 
4 l,OOJ L 134 
I HC� 
OHC U � 111 �Ill I � 
5 1,00:> R 134 OHC U� I IIIII I � 
6 1,000 L 134 
I HC� 
OHC U In I I � 
7 1,000 R 134 
I HC� 
OHC IT I I I � 
turns, some inner hair cells were entire­
ly missing and had been replaced by 
supporting cells which were character­
ized by an abundance of microvilli on 
the surface. From other inner hair cells 
only the stereocilia seemed to have dis­
appeared. Some of the stereocilia of the 
outer hair cells of the first row had fused. 
This is to be interpreted as a conse­
quence of the acoustic trauma (Fig. 
41 ) .  
In the pair sacrificed after three 
weeks, one right cochlea was found to 
show evidence of an acoustic trauma, 
which was less extensive (from the api­
cal quarter of the basal turn through 
the apical end of the upper basal turn ) .  
Again the largest scars were found at 
the transition from basal to upper basal 
tum, and again there were two sites at 
which the entire organ of Corti had 
been replaced by an epithelial zone. 
And again the number of missing sen­
sory cells diminished in apical direction. 
This applied to the inner as well as to 
the outer hair cells. At the sites of de-
generated sensory cells the surface was 
often covered with debris: discarded 
cell contents. Apparently the degenera­
tive process was still unfinished after 
three weeks. 
Both guinea pigs sacrificed after three 
months showed signs of degeneration in 
the right cochlea. In one, these signs 
were found in the upper basal turn, and 
in the other in the upper basal and low­
er apical turns. The supporting appa­
ratus of the organ of Corti was found 
intact throughout. The scars were small 
and numerous, but mainly confined to 
the outer hair cells. 
In the third series, which consisted of 
five guinea pigs, two different frequen­
cies were studied at different intensities. 
Two animals were exposed to a pure 
tone of 4,000 Hz applied to the right 
ear for two hours at an intensity of 110 
dB SPL. The remaining three were ex­
posed to a tone of 1,000 Hz at an inten­
sity of 134 dB SPL, likewise, for two 
hours; two were bilaterally exposed, 
and of the third, only the right ear was 
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exposed. The bilateral exposures were 
carried out in an effort to establish pos­
sible right/left differences. The animals 
were sacrificed after three to four weeks. 
The two right cochleae exposed to 
4,000 Hz showed extensive lesions : large 
parts of the organ of Corti had degener­
ated and been replaced by low poly­
gonal epithelium. The multiple lesions 
in one case encompassed the entire bas­
al turn and the basal half of the upper 
basal tum; size and number of scars 
gradually diminished in apical direc­
tion. In the other cochlea the degenera­
tion likewise started in the basal turn, 
with a maximum at the transition from 
basal to upper basal turn. Again the le­
sions diminished in size towards the 
apex, but they extended slightly further 
into the lower apical tum ( Table III ) .  
Of the five cochleae exposed to 1,000 
Hz at 134 dB SPL, four showed fairly 
small scars in the organ of Corti. One 
showed no acoustic lesions. Although the 
scars were small, they were nevertheless 
either larger (more than eight sensory 
cells ) or more numerous ( more than six 
scars ) than would be compatible with 
normal variations in the hair cell pat­
tern. As already stated, this was ac­
cepted as a criterion for acoustic dam­
age. Most lesions were localized in the 
upper basal turn. In three of the four 
damaged cochleae the lesions were con­
fined to the outer hair cells. No distinct 
left/right difference was demonstrable; 
nor could it be excluded with certainty. 
In view of the smallness of the lesions 
the duration or the intensity of the pure 
tone of 1,000 Hz had apparently been 
marginal for the causation of visible le­
sions on the surface of the organ of 
Corti (Table III ) .  The three left coch­
leae not exposed to pure tones showed 
no abnormalities. 
DISCUSSION 
It was confirmed in this study that the 
sensory cells of the organ of Corti are 
the elements most vulnerbale to acous­
tic trauma. The guinea pigs of the first 
series were exposed to a pure tone of 
2,000 Hz at varying intensities. Only at 
126 dB SPL were distinct lesions of the 
organ of Corti observed. Lower intensi­
ties produced no visible changes on the 
surface of tl1e organ of Corti. It is pos­
sible, however, that changes occurred in 
hair cells and nerve fibers which can be 
morphologically demonstrated only with 
the transmission electron microscope. 88 
This need not preclude further investi­
gation, for it was found possible first to 
scan the entire organ and then to embed 
it, cut it into sections and study the sec­
tions with the transmission electron mi­
croscope. 
In the second series, in which the in­
terval between exposure to the tone and 
sacrifice of the animal was varied, le­
sions were found after one week, three 
weeks and three montlls. The fact that 
the organ of Corti showed no visible de­
generative changes after five minutes 
and after 24 hours would seem to sug­
gest that the trauma involves a disturb­
ance in the metabolism of the sensory 
cells as a result of strain on perceptive 
function. It is more likely, however, 
that a combination of metabolic and 
mechanical factors is involved.11•07 It is 
an obvious inference that mechanical 
damage, specifically of the cell mem­
brane, should play a more important 
role as the intensity of the tone increases. 
In the third series, with varied fre­
quencies and intensities, a tone of 4,000 
Hz at 110 dB SPL proved to be much 
more traumatic than one of 1,000 Hz at 
134 dB SPL. The maximum lesion was 
found in the basal turn at 4,000 Hz, 
and in the upper basal turn at 1,000 Hz. 
The fact that only minor lesions oc­
curred at a frequency of 1,000 Hz is in 
agreement with the findings reported 
by Stockwell et alY We are unable to 
explain the extensiveness of the enor­
mous lesions after exposure to 4,000 Hz 
at 110 dB SPL. 
Some common characteristics were 
observed in the three series. The largest 
lesions, involving all rows of sensory 
cells, were invariably found in the basal 
turn or at the transition from basal to 
upper basal tum. They generally started 
abruptly and the number of degenerated 
hair cells gradually diminished in the 
direction of the apex, along the turns. 
On two occasions, duplication of the 
scar was observed at the site of the 
largest lesion, the scars being separated 
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by a number of hair cells of normal ap­
pearance. This duplication was likewise 
observed by Stockwell et al,t' using the 
phase-contrast microscope. In the upper 
basal turn proper, we occasionally ob­
served a pattern of degeneration in 
which a combination of inner hair cells 
and first row outer hair cells proved to 
show lesions. This is worthy of note be­
cause the outer hair cells are presumed 
to be most vulnerable to acoustic trau­
ma. One might therefore expect all out­
er hair cells to degenerate first while in­
ner hair cells remain intact. This proved 
not always to be the case. 
Beagley01•0� observed a separation in 
the organ of Corti exactly on the boun­
dary between Deiters' cells and Hensen's 
cells after a pure-tone acoustic trauma. 
We were unable to corroborate this 
finding. Beagley, however, applied a 
tone of 500 Hz vs frequencies of 1,000, 
2,000 and 4,000 Hz in our study. 
Fused stereocilia and giant stereocilia 
of outer and inner hair cells, missing 
stereocilia of inner hair cells, and the 
presence of cellular debris on the sur­
face of the organ of Corti, are evidence 
of as yet incomplete sensory cell degen­
eration. These features were no longer 
visible three months after the acoustic 
trauma. Giant stereocilia might be an ar­
tifact of dissection due to hyperexten­
sion of the stereocilia fused as a result 
of the acoustic trauma, upon removal of 
the tectorial membrane. 
In the test animal showing acoustic 
trauma of the right cochlea, the left 
cochlea invariably showed a normal hair 
cell pattern with the variations de­
scribed earlier. At these intensities and 
frequencies, therefore, the left cochlea 
could be used as control. 
CHAPTER V 
OTOLOGIC DRILLS - A  POSSIBLE ACOUSTIC DANGER 
Sensorineural hearing loss is undoubt­
edly among the most serious complica­
tions of an ear operation. If this loss is 
total, the term, "dead ear" applies; if it 
is partial, then the audiogram usually 
reveals a loss of high tones ( over 2,000 
Hz ) .  The causes of this hearing loss 
have been sought in excessive manipu­
lation on the stapes and damage to the 
round window.98•99 Paparella190 and 
Helms101 demonstrated that the cochlea 
can be injured when the chain of audi­
tory ossicles is made to vibrate by an 
otologic drill, as a result of which the 
sacculus and the organ of Corti can be 
totally or partially destroyed. On the 
other hand, suction on the aditus can 
also cause excessive movements of the 
chain of ossicles. 
Occasionally, operations not involv­
ing the ossicles and the middle ear, e.g., 
a simple mastoidectomy, can also be fol­
lowed by loss of hearing for high tones. 
Ri.iedi and Furrer10 were able to dem­
onstrate a temporary threshold shift in 
an experiment in which the mastoid was 
submitted to hammering in volunteers. 
Amold52 and Schuknecht and Tonn­
dod54 published a case report in this 
context. They ascribed the hearing loss 
to the use of hammer and chisel to re­
move bone during the operation. Ac­
cording to De Montmollin, 53 the sound 
which this produces can attain values 
up to 143 dB. And such noise levels are 
indubitably injurious to the organ of 
Corti. 
Hammer and chisel have been virtual­
ly obsolete in these operations, electric 
drills and turbine drills have almost en­
tirely superseded them. But the risk of 
high-tone hearing loss has not disap­
peared.53•55•50 An obvious inference is 
that the cause of this hearing loss is to 
be found in the noise produced by the 
otologic drill used to remove the bone. 
Schuknecht and Tonndorf,54 however, 
were unable to demonstrate any coch­
lear damage in an experiment on cats. 
But the feline skull cannot be compared 
with the human skull as to thickness and 
composition of bones. The extensive 
series of patients examined by these 
authors likewise showed no sensorineu­
ral type hearing loss following ear oper­
ations with electrically driven burrs. De 
Montmollin53 analyzed drill noise inten­
sities and found values up to 116 dB, 
dependent on burr size and location of 
the microphone. Unfortunately, he did 
not specify the type of drill used. Paul­
sen102 compared the drill noise of three 
otologic drills with different speeds. He 
concluded that the sound pressures were 
about the same for the three drills, be­
ing up to 100 dB and more. 
In view of uncertainties in the rele­
vant literature, a comparative study was 
made of the frequency patterns and 
noise levels of normal, high-speed and 
very-high-speed drills during drilling on 
human temporal bones and on the ca­
daver. 
METHODS AND MATERIALS 
The three types of otological drill in­
vestigated ( Fig. 42) were: 
1. The now almost classic low-speed 
Kaltenbach-Voigt drill, 0 with an idle 
electromotor speed of 12,000 rpm. 
2. The high-speed Ritter-Kerr Tym­
pana-Torque drill, 0 0 with an idle elec­
tromotor speed of 20,000 rpm. 
3. The very - high - speed Hall air 
drill, 0 0 0 compressed nitrogen-driven 
turbine motor with an idle speed of 
100,000 rpm. 
The burrs used were the spherical as 
°Kaltenbach and Voigt, Bibcrach, \Vest Germany. Type 530. 
0 0Ritter A. C., Karlsruhe, \Vest Cem1any. Type �ID 5000. 
0 0 • Hall International, Inc., Santa Barbara, CA. Type 100. 
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Fig. 42. The hand pieces of the three drill types who�e noise was analyzed. A )  
The hand piece i s  linked to the Kaltenbach-Voigt drill type 530 ( not shown ) via a 
transmission cable enclosed in flexible tubing. The idle �peed of the electromotor is 
12,000 rpm. B )  The hand piece is continuous with the Hitter Kerr Tympana-Torque 
type l\·ID 5000 micromotor, which weighs 100 g and has an idle speed of 20,000 rpm. 
The flexible tubing encloses power wires. C )  The hand piece of the Hall air drill type 
100 contains the turbine motor. It weighs 170 g and operates on compressed nitrogen. 
Its idle speed is 100,000 rpm at a nitrogen consumption of 170 1/rn:n. The flexible 
tubing enclosed nitrogen supply line and exhaust. 
well as the conical cutting type, with a 
diameter of 4-7 mm. Straight hand 
pieces were used throughout. 
In order to establish whether removal 
of bone with the above mentioned drills 
could damage the organ of Corti, ani­
mal experiments seemed a reliable and 
direct method. "4• 100 It seemed question­
able, however, whether a mastoidec­
tomy on a test animal could be re­
garded as an equivalent in tenns of 
acoustic stress to an operation on a pa­
tient. Both the duration and the noise 
levels, after all, would differ widely. A 
similar objection could be raised to ex­
perimenting exclusively on human tem­
poral bones. The air conduction noise 
would not be very different, but the 
bone conduction noise caused by drill­
ing would be quite different owing to 
absence of the entire head. Tlus is why 
cadaver mastoidectomies were per-
fom1ed, imitating the situation present 
during surgery on a patient. 
Noise generated by drilling reaches 
the cochlea by two routes : air conduc­
tion, and bone conduction. The air con­
duction noise was measured directly 
with the aid of a condenser micro­
phone. o To measure the bone conduc­
tion noise, an accelerometer .. o was 
screwed into the bone of the skull slight­
ly cranial to the temporal line. In or­
der to detennine the relation between ac­
celerometer output and equivalent air 
conduction noise, the accelerometer was 
standardized with the aid of an audi­
ometer0 o o and a bone conductor. The 
latter was placed on the cadaver's fore­
head. Narrow-band noise was used as a 
signal in order to avoid phase influ­
ences. 
The audiometer reading in decibels 
reflects, so to speak, the intensity of the 
" B  & K Instruments, Inc., Cleveland, 01-I. Type 4134 with probe UA 0040. 
• • B & K Instruments, Inc., Cleveland, OH. Type 4334. 
• • • Alfred Peter!> and Sons, Ltd., Sheffield, England. Type SPD 5. 
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Fig. 43. Accelerometer output RE 1 
p.V as a function of the frequency when 
a vibration corresponding with 60 dB 
SPL is applied via the bone conductor. 
noise which would have to be offered 
by air conduction in order to produce 
the same stimulation in the cochlea as 
that caused by the bone conductor. Fig­
ure 43 shows the accelerometer output 
as a function of the frequency at a con­
stant equivalent air conduction noise of 
60 dB SPL. Control experiments on tem­
poral bones and on the artificial mastoid 
disclosed a linear relation between ac­
celerometer output and equivalent air 
conduction noise. During drilling, both 
the bone conduction noise and the air 
conduction noise were recorded on an 
instmmentation recorder. 0 A diagram of 
Fig. 44. Diagram showing the setup 
for recording drill noise. The bone con­
ductor placed in the center of the fore­
head is connected with the audiometer. 
The accelerometer is screwed into the 
skull bone just above the temporal line, 
and is connected with the recorder via 
an amplifier. The probe microphone is 
placed close to the ear and is connected 
with the recorder via another amplifier. 
TABLE IV 
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Hz Hz Hz 
1,000 2,000 4,000 
92 105 85 
102 115 94 
107 119 99 
110 125 105 
80 92 71 
89 106 90 
97 113 95 
115 120 105 
80 93 71 
87 101 78 
92 109 87 
9.5 115 90 
71 82 68 
78 90 77 
85 100 82 
95 110 90 
62 80 64 
73 93 76 
83 102 84 
95 105 90 
65 80 59 
75 92 75 
82 100 82 
90 105 90 
For each drill the values obtained with 
the largest conical burr ( 7 mm 9l )  and 
with the largest spherical burr ( 7 mm ¢ )  
are given. The noise levels are given in 
dB in octave bands with center frequen­
cies of 1,000, 2,000 and 4,000 Hz. The 
upper three figures of each frequency 
indicate the levels exceeded during 90%, 
50% and 10% of the drilling time, respec­
tively. The bottom figure indicates the 
maximum value measured. 
the experimental setup is presented in 
Figure 44. 
RESULTS 
The records of the noise of the three 
drills with spherical as well as conical 
burrs were analyzed. In all cases, the 
intensity of the air conduction noise was 
found to be 20-30 dB less than that of 
the bone conduction noise. Bearing in 
mind the purpose of this study, only the 
bone conduction noise was therefore 
0Philips Electronic Instruments, Inc., Mount Vernon, NY. Analog 7. 
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analyzed further. A frequency analysis 
in octave bands was made of the bone 
conduction noise recorded. The results 
of this analysis are presented in Table 
IV. Because the low frequency plays no 
important role in acoustic trauma, only 
the octave bands with a central fre­
quency of 1,000 Hz and over were 
studied. The octave around 8,000 Hz 
was not included in the table because 
standardization in this range proved to 
be unreliable. However, the results in 
this range were used for quantitative 
comparison of the three drills. Per fre­
quency, four numerical values are giv­
en for each situation. The first indicates 
the noise level which was exceeded dur­
ing 90% of the drilling time; the second 
indicates the noise level exceeded dur­
ing 50% of the drilling time; the third 
indicates the level exceeded during 10% 
of the drilling time; the fourth indicates 
the maximum noise level recorded 
( which was usually no more than 10 dB 
above the 10% level ) .  
The difference between the 90% level 
and the maximum level recorded never 
exceeded 35 dB. This difference ex­
presses such factors as the difference in 
burr pressure and the difference in bone 
structure. Efforts were always made to 
drill at maximum burr rressure. It was 
also found that, for al situations, the 
noise levels produced were maximal in 
the octave band around 2,000 Hz. 
It was found that the Hall air drill 
produced substantially less noise than 
the two electrically driven drills. The 
difference from the Ritter-Kerr drill was 
about 5-10 dB, while that from the Kal­
tenbach-Voigt drill was as much as 20-
30 dB. The conical burr produced more 
noise than the spherical. Additional de­
terminations showed that both types 
produced as much more noise as the di­
ameter was larger. The larger burr-bone 
contact surface apparently played an 
important role. The values found in the 
octave band around 8,000 Hz showed 
similar features. Again the Hall air drill 
was less noisy than the other two, and 
the conical burr more noisy than the 
spherical. 
DISCUSSION 
The noise levels measured in the oc­
tave band around 2,000 Hz all exceeded 
105 dB. It is to be noted that the values 
pertain to drilling in a normal, i.e., ade­
quately pneumatized mastoid. Drilling 
in a sclerotic mastoid might well pro­
duce higher values. The question can be 
raised whether these noise levels can give 
rise to permanent acoustic trauma. It 
seems that the time of exposure should 
be considerably longer than that during 
an operation in order to produce acous­
tic trauma with certainty. However, not 
every human individual is equally ( in ) ­
sensitive to noise. Actual practice has 
shown that only a minority of patients 
show high-tone hearing loss. This ob­
servation was earlier confirmed by De 
Montmollin,53 who found temporary or 
permanent perceptive hearing loss after 
21 out of 265 radical mastoidectomies, 
i.e., 7.9%. He ascribed this loss to the use 
of drill and chisel. 
With the Hall air drill, acoustic trau­
ma can therefore be expected to be rare, 
but with the Ritter-Kerr and especially 
with the Kaltenbach-Voigt drill the 
noise level can rise to values at which 
acoustic trauma is a definite possibility. 
One of the reasons for the superiority of 
the Hall air drill in this respect is un­
doubtedly the fact that the drill stops 
as soon as the burr is pressed hard 
against the bone. This was confirmed by 
the finding that the difference between 
conical and spherical burrs was minimal 
with this drill. 
CONCLUSIONS 
l. The bone conduction noise in drill­
ing was found to have a much higher 
intensity than the air conduction noise, 
the difference being 20-30 dB. 
2. Of the three drills analyzed, the 
Hall air drill produced least noise, and 
the Kaltenbach-Voigt produced most. 
The difference between these two was 
20-30 dB. 
3. Conical burrs were generally more 
noisy than spherical burrs, and larger 
diameters were more noisy than smaller. 
4. With all drills, levels of 105 dB or 
over were measured in the range around 
2,000 Hz. Prolonged drilling in the hu­
man temporal bone therefore entails a 
risk of an acoustic trauma of the organ 
of hearing even with the relatively noise­
less Hall air drill. 
CHAPTER VI 
ACOUSTIC TRAUMA CAUSED BY DRILL NOISE 
It was demonstrated in the preceding 
chapter that noise produced by drills of 
three different types can attain intensity 
levels which can have an injurious ef­
fect on the human organ of hearing. In 
a comparative study of the traumatic 
effects on the organ of Corti, therefore, 
test animals were submitted to drill 
noise. Since it was quite conceivable 
that the true noise level rarely causes 
lesions, the drill noise was reproduced 
with 10 dB amplification, permitting us 
to limit the number of test animals used. 
A total of 33 guinea pigs were used 
in three groups of 11 animals each. The 
first group was exposed to the noise of 
the low-speed drill, the second to that of 
the high-speed drill, and the third to 
that of the very-high-speed drill. In each 
group, eight guinea pigs were exposed 
to drill noise applied to the right ear 
for two hours under anesthesia, and two 
were exposed to the same noise for three 
hours ( again using the right ear ) .  One 
animal served as control: it was anes­
thetized for two hours and a telephone 
was taped to the right ear, but no noise 
was applied. 
All left cochleae served as additional 
controls. The insert telephone was taped 
to the auricle, as already described for 
the experiment with pure tones. The 
guinea pigs were in general anesthetized 
in order to approximate the situation of 
an ear operation, e.g., a mastoidectomy, 
as closely as possible. Since it was tech­
nically impracticable to offer the noise 
by bone conduction, air conduction was 
used. As described in the preceding 
chapter, the standard curve of the ac­
celerometer was used for this purpose 
( Fig. 43) .  The audiometer reading in 
dB reflects, so to speak, the intensity of 
the sound which would have to be of­
fered by air conduction in order to pro­
duce in the cadaver cochlea the same 
state of stimulation now caused by the 
bone conductor. Inversely, it is possible 
to determine the sound which would 
have to be offered by air conduction in 
order to produce the same effect as the 
burr would produce by bone conduction 
( air conduction sound equivalent ) .  
With the aid of a multi-octave filter0 
and an amplifier it proved possible to 
convert the recorded drill noise to an air 
conduction sound equivalent. 
The so converted noise of three dif­
ferent drill types was recorded on end­
less tapes.0 0  Using a tape recorder,0 0 0  
amplifier, 0 0 and telephone, 0 0 the noise 
was reproduced and offered to the right 
ear of the guinea pig ( Fig. 45 ) .  The 
noise of the low-speed and the high­
speed drill was offered in 30-second 
periods alternating with ten-second "si­
lent" intervals. With the very-high-speed 
drill this was impossible. When the 
highest possible pressure was applied, 
this drill stopped after about ten sec­
onds. The noise of this drill was there­
fore offered in ten-second periods alter­
nating with ten-second "silent" intervals. 
The total duration of the first two drills' 
noise exceeded the total duration of the 
noise of the very-high-speed drill. This 
was a true reflection of reality, for a 
mastoidectomy performed with a very­
high-speed turbine drill takes substan­
tially less time than an operation using 
a lower-speed drill. 
Since the experiments with pure tones 
had shown that lesions could not be ex­
pected until after at least one week, the 
guinea pigs were sacrificed three to sev­
en weeks after exposure to the drill 
0Peekel Division, Rotterdam, The Netherlands. Type TF 824. 
0 0Philips Electronic Instruments, Inc., l\Jount Vernon, NY. Type CE tapes, PM 5175 
amplifier, Q 11 telephone. 
0 0 0Sony Corp. of America, Long Island City, NY. Type TC 105. 
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Fig. 45. Setup used to offer the drill noise to the guinea pig. A )  tape recorder 
with endless tape; B )  amplifier; C )  guinea pig under general anesthesia, the telephone 
taped to the auricle; D )  hand audiometer to detennine Preyer's reflex; E )  impulse pre­
cision sound level meter used to standardize the noise. 
TABLE V 
COCHLEOGRAi\IS OF G UINEA PIGS EXPOSED FOB TWO HOUH.S TO THE NOISE OF 
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Fig. 46. Basal half of upper basal tum. Cochlea exposed for two hours to inter­
mittent noise of low-speed drill, amplified by 10 dB. Animal sacrificed after six weeks. 
A circumscribed scar ( S )  indicates the site of maximal damage. Even at this low power 
it is evident that all sensory cells at the site of the lesion have disappeared ( SEl\l 
125 X ) .  
noise. Both organs of Corti were ex­
amined in their entirety with the scan­
ning electron microscope. The procedure 
has been described in Chapter II. An 
evaluation of lesions in the organ of 
Corti was recorded in a cochleogram. 
RESULTS 
In the first group, the eight guinea 
pigs exposed for two hours to the noise 
of the low-speed drill, amplified by 10 
dB, all showed unmistakable lesions in 
the right organ of Corti ( Table V ) .  
None of the eight left organs of Corti 
showed any lesion but this group showed 
the normal pattern with a score of miss­
ing outer and a few missing inner hair 
cells. Apparently again the protective ef­
fect of the skull had been sufficient to 
prevent visible damage to the surface in 
the left organ of Corti. 
Again the apical half of the apical 
turn of the organ of Corti was excluded 
because of its variable number of miss­
ing sensory cells. The extremely basal 
part up to the round window was not 
considered. The extent of the various le-
sions in the organ of Corti varied wide­
ly. The least damaged cochlea showed 
four small scars in the area of the outer 
hair cells, only one of which was ac­
companied by degeneration of some of 
the inner hair cells as well. The scars 
were found in the upper basal and low­
er apical turns. In the most severely 
damaged cochlea the lesion extends over 
basal, upper basal and lower apical 
tums, both inner and outer hair cells 
having degenerated. In the remaining 
six cochleae the largest lesions were 
found in the upper basal turn ( Figs. 
46, 47 ) .  In four cochleae, the surface of 
the basal turn was entirely intact. Fol­
lowing the turns in apical direction the 
number of missing and degenerated sen­
sory cells gradually diminished and a 
normal hair cell pattern was almost cas­
ually resumed. Giant stereocilia were oc­
casionally seen in the apical turn. 
Clumping of stereocilia and dumping 
of cell contents were often in evidence 
( Fig. 48 ) .  The presence of apparently 
normal sensory cells among extensive 
lesions formed a striking appearance. 
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Fig. 47. Detail of Figure 46. The organ of Corti is discontinued fairly abruptly; 
the inner sulcus cells ( ISC ) witl1 tl1eir oblong cell surfaces seem to merge into the Hen­
sen's cells ( HC ) and tl1e polygonal outer sulcus cells ( OSC ) ( SEl\1 760 X ) .  
Fig. 48. Detail of lower apical turn. This cochlea was exposed for three hours to 
the intennittent noise of a low-speed drill, amplified by 10 dB. The animal was sac­
rificed after tluee weeks. Lesions extend over tl1e lower apical, upper basal and basal 
turns, where only tl1e inner hair cells ( IHC ) and inner pillar heads ( !PH ) are still 
identifiable. The stereocilia of tl1e inner hair cells have fused almost completely. The sen­
sory cells are about to be or have been discarded ( arrow ) ( SEM 3,800 X ) .  
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TABLE VI 
COCHLEOGRAMS OF GUINEA PIGS EXPOSED FOR TWO HOURS TO THE NOISE OF 
A HIGH-SPEED DRILL, AMPLIFIED BY 10 dB 
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Of the two guinea pigs exposed to 
three hours of low-speed drill noise ap­
plied to the right ear, one showed an 
enormous lesion of the right organ of 
Corti. Only in the basal part of the basal 
turn and in the basal part of the apical 
turn was a more or less regular hair 
cell pattern identifiable in small areas. 
Most of the remainder of the organ of 
Corti had been destroyed. The other ani­
mal showed scars in the last quarter of 
the basal tum and in three-quarters of 
the upper basal tum. The damage evi­
dently also involved the inner hair cells. 
In the basal half of the lower apical 
turn, another scar was observed, which 
was confined to the outer hair cells. The 
control animal showed no lesion on 
either side. The left cochleae of the two 
exposed animals were also quite normal. 
In the second group, unmistakable le­
sions of the organ of Corti were found 
I I ·I I � 
Ill ·Uinuul � 
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in four of the eight right cochleae ex­
posed for two hours to the noise of the 
high-speed drill ( Table VI ) .  In three of 
these four, the lesions were localized in 
the lower apical and upper basal turns. 
In one, they were confined to the upper 
basal tum. Most lesions involved only 
the outer hair cells. In only one cochlea 
did tl1e organ of Corti show collapse 
over a short distance. A conspicuous 
finding was that outer hair cells, par­
ticularly in the second and third rows, 
were missing ( Fig. 49 ) .  The remaining 
four right cochleae and the two coch­
leae of the control animal showed no le­
sions. Of the eight left cochleae, seven 
were normal. One left cochlea showed 
extensive lesions in the lower apical 
tum : numerous scars, with missing inner 
hair cells also. The cause of these lesions 
has remained obscure. However, a puru­
lent secretion was found to fill the tym-
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Fig. 49. Upper basal turn of a right cochlea exposed tor two hours to the mtermit­
tent noise of a high-speed otologic drill. The animal was sacrificed after five weeks. The 
drill noise was amplified by 10 dB. A few outer hair cells ( OHC) are occasionally 
missing from the second and third rows. The arrow indicates a small scar in the three 
rows of outer hair cells ( SEM 260 X ) .  
panic bulla. Yet a correlation between 
the otitis and the loss of sensory cells is 
not very likely. The two right cochleae 
exposed for three hours to drill noise 
amplified by 10 dB, showed lesions 
through three turns of the organ of 
Corti. In the apical half of the basal 
tum, the upper basal tum and the basal 
half of the lower apical turn, there was 
scattered loss of outer hair cells with 
many small scars. The two left coch­
leae were normal. 
In the third group, one of the eight 
guinea pigs exposed for two hours to 
the noise of the very-high-speed drill 
amplified by 10 dB and applied to the 
right ear, showed labyrinthitis : the coch­
lea was entirely filled with com1ective 
tissue interspersed with leucocytes 
( Figs. 50, 51, 52 ) .  The tympanic bulla 
and middle ear also showed inflamma­
tory changes. Of the remaining seven 
right cochleae, five showed acoustic 
trauma ( Table VII). The distribution 
of lesions differed widely in different 
cochleae, ranging from the apical half 
of the basal turn to the basal half of the 
apical tum. The scars were usually of 
limited size, alternating with nonnal 
areas of the organ of Corti. Lesions were 
most numerous in the upper basal tum. 
Inner hair cells were often damaged in 
Fig. 50. Right cochlea of  a guinea pig 
exposed for two hours to the noise of a 
very-high-speed otologic drill. The ani­
mal was sacrificed after three weeks. 
The bony capsule has been removed. 
There is a labyrinthitis with destruction 
of the entire organ of Corti. Connective 
tissue is visible between the turns ( ar­
row ) ( SE�l 22. X ) .  
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Fig. 51. Detail of Figure 50. This is probably all that has remained of the organ 
of Corti ( SEM 1,260 X ) .  
Fig. 52. Detail o f  Figure 50. Leucocyte accumulations are visible a t  several sites 
in the cochlea ( arrow) ( SEM 1,260 X ) .  
lesions which did o r  did not involve 
first-row outer hair cells. In some in­
stances the loss involved only outer hair 
cells (Fig. 53 ) .  Two of the eight left 
cochlea showed extensive cell loss in the 
upper basal and lower apical turns 
(cause unknown); the remaining six 
were normal. In the two right cochleae 
exposed to the same noise for three 
hours, the organs of Corti showed ex­
tensive lesions, which in both involved 
mostly the upper basal and lower apical 
turns. The corresponding left cochleae 
were normal. 
DISCUSSION 
The findings of this study have con­
firmed that identical acoustic traumas 
can produce widely different lesions in 
the organ of Corti; different both in ex­
tent and in localization. But the changes 
in the hair cell pattern were not constant 
either. Yet certain patterns of degenera­
tion were observed again and again in 
the experiments. To begin with, there 
was the large circumscribed lesion, 
which involved total destruction of the 
organ of Corti over several tenths of 
millimeters, leaving only a low crest of 
epithelium. Second, there was the com­
bination of lesions of a row of inner hair 
cells with lesions of first-row outer hair 
cells, a combination also found in the 
experiments with pure tones. Finally, 
there was a scattered loss of hair cells, 
solitary or in small groups, which in­
volved the outer hair cells of the second 
and third rows more than those of the 
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TABLE VII 
COCHLEOGRAl\IS OF GUINEA PIGS EXPOSED FOR TWO HOURS TO THE NOISE OF 
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Fig. 53. Lower apical turn. Cochlea exposed for two hours to the intermittent noise 
of a very-high-speed drill, amplified by 10 dB. The animal was sacrificed after five 
weeks. The inner hair cells ( IHC ) are intact. The outer hair cells ( OHC ) have part­
ly disappeared, the cell loss in the second and third rows exceeding that in the first row 
( SEM 440 X ) .  
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first row, leaving the inner hair cells 
entirely intact. 
As expected from the drill noise an­
alysis, the low-speed drill proved to be 
most traumatic. The analysis also 
showed that the high-speed drill pro­
duced up to 10 dB more noise than the 
very-high-speed drill, but this was not 
confinned by the cochleograms ob­
tained. The very-high-speed drill pro­
duced more extensive and more numer­
ous lesions than the high-speed drill. 
A conspicuous finding was that, after 
exposure to the amplified noise of the 
three drills tested during more than two 
hours, the lesions were very much larg­
er and often extended through three 
turns. 
Had the noise of the drills been of­
fered at true intensity, no, or only mini­
mal, lesions might have occurred in the 
organ of Corti in these guinea pigs. In 
human mastoidectomies, however, the 
mastoid is often sclerotic and requires 
longer and harder drilling than the ca­
daver mastoid. The noise intensities can 
then attain values in excess of the values 
we measured; and the risk of acoustic 
damage to the organ of Corti increases 
accordingly. The drill noise was offered 
intermittently in order to imitate the 
actual situation during an operation. In­
termittent noise is believed to be less 
injurious than continuous noise, because 
the metabolism of the sensory cells has 
time to recover during the "silent" in­
tervals. 
It is not known why the lesions in the 
organ of Corti in these experiments 
varied so widely in localization, extent 
and pattern, whereas, in the audiogram 
of an acoustically traumatized patient 
the dip is invariably found at 4,000-
6,000 Hz. Further experiments witl1 
supplemental behavior audiometry and 
electrocochleography might well pro­
vide an answer to this question. Wheth­
er the highly individual sensitivity of 
the test animals to acoustic trauma has 
played a role in this respect is difficult 
to establish. In any case, this individual 
sensitivity is a factor also in human in­
dividuals. 
Extrapolating our results to ear sur­
gery, the following can be stated. Any 
operation on tl1e ear entails a risk of de­
velopment or exacerbation of sensori­
neural hearing loss, and individual sen­
sitivity certainly plays a role in this re­
spect. In ear operations involving the 
use of an otologic drill, one takes an ad­
d�tional acoustic risk by exposing the 
diseased ear to sound intensities which 
can have a traumatic effect on tl1e or­
gan of Corti. This risk increases by as 
much as the bone involved is more scler­
otic, for this requires longer drilling 
and an increased pressure of the burr 
against the bone, by which duration 
and intensity of drill noise increase. Of 
course, this applies specifically to sani­
tizing ear operations in which a consid­
erable amount of sclerotic bone must be 
remo�ed. On the other hand, the type 
of drill and the shape and size of the 
burr are also of importance. The low­
speed drill produces more noise than the 
hig!1-speed or the very-high-speed drill. 
This IS due not so much to the differ­
ence in rpm as to the difference in 
torque. The higher torque of the low­
speed drill permits of greater pressure 
of the burr on the bone, and this in­
volves an increased intensity of noise. 
Conical burrs were found to be more 
noisy than spherical burrs of the same 
diamete� . . All burrs of larger diameter were noisier than burrs of smaller diam­
eter. 
CONCLUSIONS 
1. The noises of three different types 
of otologic . drills? amplified by 10 dB, produced d1scerruble lesions in the organ 
of Corti in the guinea pig. 
2. Although there were marked inter­
individual variations in the extent local­
ization and pattern of the lesion, it was, 
nevertheless, possible to distinguish pat­
terns of degeneration of three different 
types. 
3. The use of otologic drills of the 
types investigated entails an acoustic 
risk. 
4. The. high-speed and the very-high­speed drills tested were acoustically saf­
er than the low-speed drill. 
5 .. Prolonged continuous drilling is in­adviSable, and the same applies to tl1e 
frequent use of a conical burr. 
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SAiVIE;.JVATTING 
Het gehoororgaan van zoogdieren bevindt zich in het slakkehuis en is om­
geven door botweefsel. De zintuigcellen van dit orgaan vormen het orgaan van 
Corti, dat vastgehecht is aan het basilair membraan, een rond de centrale as 
uitgespannen vlies. De cellen zijn in een regelmatig patroon gerangschikt en 
worden verdeeld in een rij binnenste en meerdere rijen buitenste haarcellen. 
Anatomisch en pathologisch-anatomisch onderzoek is met de gebruikelijke 
microscopische methode, te weten studies aan het tot coupes verwerkt materi­
aal, door de spiraalvorm uiterst tijdrovend. Bovendien zou blijken dat het 
onmogelijk is op cleze wijze alle zintuigcellen nauwkeurig te bestuderen. 
Indien het effect van een schadelijke invloed, bv. geluid van hoge intensiteit, 
op de structuur van het zintuig onderzocht wordt is het echter wei nood­
zakelijk de schade precies te kunnen localiseren. Om het bezwaar van het 
maken van coupes te ondervangen, werden door anderen methoden ontwikkeld 
waarbij met fase-contrastmicroscopie grote delen van het zintuigorgaan achter­
eenvolgens onderzocht kunnen worden. Daarbij bleek dat aan het vestibulair 
oppervlak van het orgaan afwijkingen aan zintuig- en steuncellen goed te 
herkennen zijn. 
Door ons werd een methode ontwikkeld, waarbij met behulp van de scanning­
electronenmicroscoop het orgaan van Corti van cavia's in zijn geheel zichtbaar 
gemaakt kan worden. Daarbij behoeft het orgaan niet in stukken te worden 
verdeeld doch blijft in zijn oorspronkelijke vorm gehandhaafcl. De ontwikkeling 
van deze methode was mogelijk door de combinatie van een aantal gunstige 
factoren : 
l .  de scanning-electronenmicroscoop bezit een relatief grote dieptescherpte die 
voor onderzoek van het schroefvormige orgaan van Corti van groot voor­
deel is. 
2. fixatie van de cochlea door middel van glutaaraldehyde en clroging van het 
preparaat met een kritische punt-droger voeren de stevigheid van het 
preparaat dusdanig op, dat het eenvoudig onder de prepareermicroscoop 
bewerkt kan worden. Een gelukkige bijkomstigheid is dat door de krimp 
die ontstaat bij dehydratie en droging, het vliezig deel van de cochlea los­
komt van het benig kapsel. Dit laatste laat zich hierdoor verwijderen 
zonder schade aan het preparaat te veroorzaken. 
Om de bruikbaarheid van de methode voor de bestudering van effecten van 
schadelijk geluid te toetsen, werd eerst de anatomie van de normale cochlea 
van de cavia bestudeerd. Hierbij werd vastgesteld dat het zintuigcelpatroon in 
het uiterst apicale deel van de cohlea altijd onregelmatig van structuur is. 
(59) 
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Het patroon wordt, in basale richting de windingen volgend, geleidelijk regel­
matiger. Het gehele zintuigorgaan wordt verder van apicaal naar basaal geleide­
lijk kleiner, het basilair membraan smaller. Het was bekend dat er een ver­
binding bestaat tussen de langste haren van de buitenste haarcellen en het 
tectoriaal membraan. Er werden door ons aanwijzingen gevonden dat er ook 
een verbinding bestaat tussen de langste haren van de binnenste haarcellen en 
dit membraan. De verbinding van beide typen haarcellen met het tectoriaal 
membraan is echter verschillend. De toppen van de langste haren van de buiten­
ste haarcellen steken in het tectoriaal membraan, die van de binnenste zitten 
er tegenaan. Ook werd bij sterke vergrotingen waargenomen dat de langste 
haren van de buitenste haarcellen met elkaar verbonden zijn. Deze verbin­
dingen zouden een rol kunnen spelen bij het samensmelten van haren, een 
fenomeen dat wordt waargenomen bij pathologische zintuigcellen. In het nor­
male haarcellenpatroon van de cochlea van de cavia ontbreken af en toe zintuig­
cellen. Hun plaats wordt opgevuld door omliggende steuncellen volgens een 
vast-herkenbaar-patroon. Dit is van belang bij het onderzoek naar beschadi­
gingen van zintuigcellen door verschillende noxen. 
De uit de literatuur bekende schadelijke werking op de cochlea van zuivere 
tonen met frequenties van 1000, 2000 en 4000 Hz werd bij verschillende intensi­
teiten onderzocht. Tevens werden verschillende tijden aangehouden tussen het 
aanbieden van het geluid en het opofferen van de proefdieren. Het proefdier 
was hierbij in narcose. Bij proefdieren die gedurende 2 uur met 130 dB SPL 
een toon van 2000 Hz kregen aangeboden, werden geen laesies gezien wanneer 
zij na 5 minuten of na 24 uur werden opgeofferd. Dit was wel het geval na 1 
week, na 3 weken en na 3 maanden. Bevestigd werd dat de buitenste haarcellen 
het meest gevoelig zijn voor zuivere tonen van hoge intensiteit. Dit is echter 
niet steeds het geval. Tweemaal bleken de binnenste haarcellen het meest 
gelaedeerd, soms in combinatie met de eerste rij van buitenste haarcellen. In de 
tweede winding (van onderen af gerekend) bevonden zich de meeste laesies, 
behoudens bij 4000 Hz, waarbij de basale of eerste winding het meest bescha­
digd was. Merkwaardigerwijs bleek een toon van 4000 Hz met 1 10 dB SPL 
gedurende 2 uur veel meer beschadiging te geven dan een van 1000 Hz met 
1 34 dB SPL gedurende dezelfde tijd. Tweemaal werd een dubbel litteken gere­
gistreerd, juist op de overgang van eerste naar tweede winding. 
In een volgend hoofdstuk wordt beschreven hoe het geluid dat ontstaat wanneer 
op menselijk botweefsel wordt gefraisd, werd onderzocht. Om een sanerende 
ooroperatie zo nauwkeurig mogelijk na te bootsen werd gefraisd op een mense­
lijke cadaverschedel. Daartoe werden drie gangbare oorchirurgische boor­
machines gebruikt. De drie typen onderscheiden zich o.a. in het maximale 
toerental. De laagtoerige boormachine draait onbelast 1 2.000 tpm, de hoog­
toerige 20.000 tpm en de zeer hoogtoerige 100.000 tpm. De intensiteit van het 
beengeleidingsgeluid bleek 20-30 dB meer te bedragen dan dat van het lucht­
geleidingsgeluid. Het beengeleidingsgeluid werd geregistreerd d.m.v. een in de 
schedel geschroefde versnellingsmeter. Frequentieanalyse werd uitgevoerd 
d.m.v. octaafbanden. De maxima van de gemeten geluidsintensiteiten lagen in 
de octaafband rond 2000 Hz en bedroegen voor de laagtoerige boor 1 25 dB, 
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voor de hoogtoerige 1 15 dB en voor de zeer hoogtoerige 105 dB. Een en ander 
blijkt mede afhankelijk van het type en de diameter van de snijdende boor. 
Deze geluiden kunnen schadelijk zijn voor het te opereren oor, zeker wanneer 
het boren langdurig wordt aangehouden en het botweefsel sclerotisch is. 
Om het effect van deze schadelijke invloeden op de cochlea te kunnen onder­
zoeken werden de boorgeluiden van de drie boormachines overgezet op eind­
loze magneetbanden. Een multi-octaaf filter en een versterker werden ge­
bruikt om het boorlawaai om te zetten in equivalent luchtgeleidingsgeluid. 
Ret boorlawaai werd met 10 dB versterking intermitterend aangeboden aan 
cavia's in narcose, steeds aan het rechteroor, om de situatie bij bv. een mastoi­
dectomie zoveel mogelijk te imiteren. Na 3-7 weken werden de cavia's opge­
offerd, de cochlea's werden geprepareerd als eerder beschreven en met de 
scanning-electronenmicroscoop in hun geheel onderzocht. De laesies werden 
per kwart winding geregistreerd zodat cochleogrammen ontstonden van het 
gehele orgaan van Corti. Hierbij bleek dat het geluid van de laagtoerige boor­
machine de meeste laesies veroorzaakte. De zeer hoogtoerige boormachine 
was schadelijker voor de cochlea dan de hoogtoerige, waarvoor geen verklaring 
kon worden gegeven. 
Tenslotte worden de resultaten in hun samenhang nader besproken. Teneinde 
lawaaibeschadigingen bij sanerende ooroperaties zoveel mogelijk te beperken 
wordt geadviseerd geen laagtoerige boormachines te gebruiken, haar af en toe 
uit te schakelen en met zachte hand te bedienen. 



